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ABSTRACT
Interactions between the rotating and advancing pin-shaped tool (terminated at one end
with a circular-cylindrical shoulder) with the clamped welding-plates and the associated material
and heat transport during a Friction Stir Welding (FSW) process are studied computationally
using a fully-coupled thermo-mechanical finite-element analysis.

To surmount potential

numerical problems associated with extensive mesh distortions/entanglement, an Arbitrary
Lagrangian Eulerian (ALE) formulation was used which enabled adaptive re-meshing (to ensure
the continuing presence of a high-quality mesh) while allowing full tracking of the material free
surfaces. To demonstrate the utility of the present computational approach, the analysis is applied
to the cases of same-alloy FSW of two Aluminum-alloy grades: (a) AA5083 (a solid-solution
strengthened and strain-hardened/stabilized Al-Mg-Mn alloy); and (b) AA2139 (a precipitation
hardened quaternary Al-Cu-Mg-Ag alloy). Both of these alloys are currently being used in
military-vehicle hull structural and armor systems.
In the case of non-age-hardenable AA5083, the dominant microstructure
evolution processes taking place during FSW are extensive plastic deformation and dynamic
recrystallization of highly-deformed material subjected to elevated temperatures approaching the
melting temperature. To account for the competition between plastic-deformation controlled
strengthening and dynamic-recrystallization induced softening phenomena during the FSW
process, the original Johnson-Cook strain- and strain-rate hardening and temperature-softening
material strength model is modified in the present work using the available recrystallizationkinetics experimental data. In the case of AA2139, in addition to plastic deformation and dynamic
recrystallization, precipitates coarsening, over-aging, dissolution and re-precipitation had to be
also considered. Limited data available in the open literature pertaining to the kinetics of the
aforementioned microstructure-evolution processes are used to predict variation in the material

ii

hardness and the residual stresses throughout the various FSW zones of the two alloys. The
results showed that with proper modeling of the material behavior under high-temperature/severeplastic-deformation conditions, significantly improved agreement can be attained between the
computed and measured post-FSW residual-stress and material-strength distribution results.

Keywords: Friction Stir Welding; AA5083; AA2139; Johnson-Cook Strength Model; Finite
Element Analysis; Hardness Prediction.
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CHAPTER 1
INTRODUCTION
1.1. Background
Friction Stir Welding (FSW) is a relatively new technique used mainly for joining
aluminum alloys. It was developed by The Welding Institute (TWI), in Cambridge, UK, in 1991.
Apart from aluminum alloys, the technique has recently been applied to the joining of metals and
or alloys of magnesium, titanium, steel and others. This process which takes place in the solid
state offers a number of advantages over conventional joining processes like fusion welding. The
main advantages often sighted include: (a) the elimination for the need for expensive
consumables; (b) ease of automation of the machinery involved; (c) low distortion; and (d) good
mechanical properties of the resultant joint. Furthermore, since welding occurs by the
deformation of material at temperatures below the melting temperature, many problems
commonly associated with joining of dissimilar aluminum alloys can be avoided.
Two main objectives of the present work are: (a) Development of a fully-coupled
thermo-mechanical finite-element analysis for the FSW; and (b) Coupling of the FSW model
developed in (a) with various model for microstructure evolution during the FSW process so that
the microstructure and properties of the FSW joints can be predicted as a function of the joined
alloys and the FSW process parameters.
1.2. Literature Review
The relevant literature survey for each of the sub-topics covered in the present work is
provided in Chapters 2-4 and the Appendix.

xii

1.3. Thesis Objective and Outline
The work carried out is described in great detail in the following three chapters. Each
chapter is a standalone document since the material presented in these chapters represents a total
of three refereed journal publications.
The material presented in Chapter 2, Fully-coupled Thermo-Mechanical Finiteelement Investigation of Material Evolution during Friction-Stir Welding of AA5083, was
accepted for publication in the Journal of Engineering Manufacture. It contains a detailed
description of the FSW process model developed in the present work.
The material presented in Chapter 3, Modeling of AA5083 MaterialMicrostructure Evolution during Butt Friction-Stir Welding, was accepted for publication in the
Journal of Materials Engineering and Performance. It contains a detailed description of the
microstructure evolution during FSW of a prototypical solid-solution strengthened aluminum
alloy AA5083.
The material presented in Chapter 4, Computational Investigation of Hardness
Evolution during Friction-Stir Welding of AA5083 and AA2139 Aluminum Alloys, was
considered for publication in the Journal of Materials: Design and Applications. It contains a
detailed description of the microstructure and property evolutions during FSW process of a
prototypical solid-solution strengthened aluminum alloy AA5083 and a prototypical agehardened aluminum alloy AA2139.
A final discussion and summary of the present work is provided in Chapter 5 and
Chapter 6 contains suggestions for future work.
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CHAPTER 2
FULLY-COUPLED THERMO-MECHANICAL FINITE-ELEMENT INVESTIGATION OF
MATERIAL EVOLUTION DURING FRICTION-STIR WELDING OF AA5083

2.1. Abstract
Interactions between the rotating and advancing pin-shaped tool (terminated at one end
with a circular-cylindrical shoulder) with the clamped welding-plates and the associated material
and heat transport during a Friction Stir Welding (FSW) process are studied computationally
using a fully-coupled thermo-mechanical finite-element analysis.

To surmount potential

numerical problems associated with extensive mesh distortions/entanglement, an Arbitrary
Lagrangian Eulerian (ALE) formulation was used which enabled adaptive re-meshing (to ensure
the continuing presence of a high-quality mesh) while allowing full tracking of the material free
surfaces. To demonstrate the utility of the present computational approach, the analysis is applied
to the case of FSW of AA5083 (a solid-solution strengthened and strain-hardened/stabilized AlMg wrought alloy). To account for the competition between plastic-deformation controlled
strengthening and dynamic-recrystallization induced softening phenomena during the FSW
process, the original Johnson-Cook strain- and strain-rate hardening and temperature-softening
material strength model is modified using the available recrystallization-kinetics experimental
data. Lastly, the computational results obtained in the present work are compared with their
experimental counterparts available in the open literature. This comparison revealed that general
trends regarding spatial distribution and temporal evolutions of various material-state quantities
and their dependence on the FSW process parameters are reasonably well predicted by the present
computational approach.
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2.2. Introduction
Friction-stir welding (FSW) is a solid-state (i.e. no melting is involved) joining process
for metallic (and few polymeric) materials which is generally employed in applications in which
the original material microstructure/properties must remain unchanged as much as possible after
joining [2.1–2.3]. In this process, as shown in Figure 2-1(a), a rotating tool moves along the
contacting surfaces of two rigidly butt-clamped plates. As seen in this figure, the tool consists of
a cylindrical pin which is threaded, at one end, and equipped with a shoulder, at the other. Also,
during joining, the work-piece (i.e. the two clamped plates) is generally placed on a rigid backing
support. At the same time, the shoulder is forced to make a firm contact with the top surface of
the work-piece. As the tool (rotates and) moves along the butting surfaces, heat is being generated
at the shoulder/work-piece and, to a lesser extent, at the pin/work-piece contact surfaces, as a
result of the frictional-energy dissipation. This, in turn, causes an increase in temperature and
gives rise to softening of the material adjacent to these contacting surfaces. As the tool advances
along the butting surfaces, thermally-softened material in front of the tool is (heavily) deformed,
transferred (i.e. extruded around the tool) to the region behind the tool and compacted/forged to
form a joint/weld. It should be recognized that FSW can be used not only for butt joining but also
for lap as well as T joints.
Since its discovery in 1991 [2.1], FSW has established itself as a preferred joining
technique for aluminum components and its applications for joining other difficult-to-weld metals
is gradually expanding. Currently, this joining process is being widely used in many industrial
sectors such as shipbuilding and marine, aerospace, railway, land transportation, etc.
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main microstructural zones associated with the typical FSW joint
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In comparison to the traditional fusion-welding technologies, FSW offers a number of
advantages such as: (a) good mechanical properties in the as-welded condition; (b) improved
safety due to the absence of toxic fumes or the spatter of molten material; (c) no consumables
such as the filler metal or gas shield are required; (d) ease of process automation; (e) ability to
operate in all positions, (horizontal, vertical, overhead, orbital, etc.), as there is no weld pool; (f)
minimal thickness under/over-matching which

reduces the need for expensive post-weld

machining; and (g) low environmental impact.

However, some disadvantages of the FSW

process have also been identified such as: (a) an exit hole is left after the tool is withdrawn from
the work-piece; (b) relatively large tool press-down and plates-clamping forces are required; (c)
lower flexibility of the process with respect to variable-thickness and non-linear welds; and (d)
often associated with lower welding rates than conventional fusion-welding techniques, although
this shortcoming is somewhat lessened since fewer welding passes are required.
When analyzing the FSW process, one often makes a distinction between the so-called
advancing side of the weld (the side on which the peripheral velocity of the rotating tool
coincides with the transverse velocity of the tool) and the retreating side (the side on which the
two velocities are aligned in the opposite directions). It is generally recognized that the
differences in the two weld sides give rise to asymmetry in heat transfer, material flow and weld
microstructure-properties [2.4].
FSW normally involves complex interactions and competition between various thermomechanical processes such as friction-energy dissipation, plastic deformation and the associated
heat dissipation, material transport/flow, and dynamic recrystallization, local cooling, etc. [2.5-8].
Metallographic examinations of the FSW joints typically reveal the existence of the following
four zones, Figure 2-1(b): (a) an un-effected zone which is far enough from the weld so that
material microstructure/properties are not altered by the joining process; (b) the heat-affected
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zone (HAZ) in which material microstructure/properties are effected only by the thermal effects
associated with FSW. While this zone is normally found in the case of fusion-welds, the nature of
the microstructural changes may be different in the FSW case due to generally lower
temperatures and a more diffuse heat source; (c) the thermo-mechanically affected zone (TMAZ)
which is located closer than the HAZ zone to the butting surfaces. Consequently both the thermal
and the mechanical aspects of the FSW affect the material microstructure/properties in this zone.
Typically, the original grains are retained in this zone although they may have undergone severe
plastic deformation; and (d) the weld nugget which is the innermost zone of an FSW joint. As a
result of the way the material is transported from the regions ahead of the tool to the wake regions
behind the tool, this zone typically contains the so called “onion-ring” features. The material in
this region has been subjected to most severe conditions of plastic deformation and high
temperature exposure and consequently contains a very-fine dynamically-recrystallized (equiaxed
grain microstructure).
A unique feature of the FSW process is that heat transfer does not only take place via
thermal conduction but also via transport of the work-piece material adjacent to the tool from the
region in front to the region behind the advancing tool. In general both the heat and the mass
transfer depend on the work-piece material properties, tool geometry and the FSW process
parameters.

As mentioned earlier, mass transport is accompanied by extensive plastic

deformation and dynamic recrystallization of the transported material. The attendant strain rates
as high as 10 s-1 have been assessed/measured [2.13,2.14].
The main FSW process parameters which affect both the weld quality and the process
efficiency are: (a) rotational and transverse velocities of the tool; (b) tool-plunge depth; (c) tool
tilt-angle; and (d) tool-design/material. Since, in-general, higher temperatures are encountered in
the case of higher rotational and lower transverse tool velocities, it is critical that a delicate
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balance between these two velocities is attained. I.e. when the temperatures are not high enough
and the material has not been sufficiently softened, the weld zone may develop various
flaws/defects arising from low ductility of the material. Conversely, when the temperatures are
too high undesirable changes in the material microstructure/ properties may take place and
possibly incipient-melting flaws may be created during joining. To ensure that the necessary
level of shoulder/work-piece contact pressure is attained and that the tool fully penetrates the
weld, the tool-plunge depth (defined as the depth of the lowest point of the shoulder below the
surface of the welded plate) has to be set correctly. Typically, insufficient tool-plunge depths
result in low-quality welds (due to inadequate forging of the material at the rear of the tool), while
excessive tool-plunge depths lead to under-matching of the weld thickness compared to the basematerials thickness. Tool rearward tilting by 2-4 degrees has been often found to be beneficial
since it enhances the effect of the forging process.
Over the last two decades, considerable experimental research efforts have been invested
towards providing a better understanding of the FSW joining mechanism and the accompanying
evolution of the welded-materials microstructure/ properties [e.g. 2.15-2.18] as well as to
rationalizing the effect of various FSW process parameters on the weld quality/integrity [e.g.
2.19-2.23]. It should be recognized, however, that the aforementioned experimental efforts were
able to only correlate the post-mortem welded-materials properties/microstructure with the FSW
process parameters and provided relatively little real-time insight into the physics of heat/mass
transfer and microstructure-evolution processes. It is hoped that this insight can be gained by
carrying out detailed physically-based computational investigations of the FSW process. An
example of such an investigation is provided in the present manuscript.
A review of the public domain literature revealed a number of prior research efforts
dealing with numerical investigations of the FSW process.
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For example, in a series of papers,

Zhang and co-workers carried out a fairly comprehensive semi-coupled thermo-mechanical finiteelement investigation of the FSW process and the associated microstructural changes [2.29-2.31].
Similarly, a number of computational solid mechanics and computational fluid dynamics
investigations were reported in the literature whose main objective was to investigate the effect of
various FSW process parameters (including tool design) on the heat/mass transport [e.g. 2.292.33].
The main objective of the present work is to carryout a detail finite-element
computational investigation of the effect of various FSW-process parameters on the heat and
mass transport of the material and on the microstructure evolution for the case of the AA5083
wrought aluminum alloy. While similar investigations have been carried out by other researchers
[e.g. 2.29-2.31], an effort is made in the present work to more accurately account for the
competition between strain-hardening and dynamic-recrystallization processes in this alloy during
FSW. In other words, while previous investigations recognized correctly the effect of plastic
strain, strain rate and temperature on the material strength, only reversible effects of the
temperature were accounted for.

This shortcoming was rectified in the present work by

recognizing that, via dynamic-recrystallization, exposure of the material to high temperatures
may result in permanent microstructure/property changes.
The organization of the paper is as follows: In various subsections of section 2.3, details
are provided regarding the basic formulation of the problem, fully-coupled thermo-mechanical
finite-element analysis and its integration, work-piece material models, tool/work-piece contact
algorithm and the arbitrary Lagrangian Eulerian adaptive-meshing method. The main results
obtained in the present work are presented and discussed in Section 2.4, while the key
conclusions resulting from the present study are summarized in Section 2.5.
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2.3. Computational Procedure
2.3.1. Problem Definition
As mentioned above, the main objective of the present work is to carry out a detail finiteelement computational investigation of the FSW process. Since the purpose of the present
investigation is to help establish the basic relationships between the key process parameters and
the joined-materials flow, a relatively simple work-piece and tool geometries are used (please see
the next section). Also, since FSW is generally used for joining aluminum alloys, a prototypical
aluminum alloy/temper AA5083-H321 is used as the work-piece material. A fairly detailed
description of this alloy and its H321-temper condition are provided later.
2.3.2. Geometrical and Meshed Models
The geometrical models for the work-piece and the tool are shown in Figures 2-2(a)-(b).
For simplicity, the work-piece is considered as a single part, i.e. “a perfect clamping” condition is
assumed. The work-piece is modeled as a circular solid plate with a radius of 40.0mm and
thickness of 3.0mm. As will be clarified later, due to the use of a Arbitrary Lagrangian Eulerian
(ALE) formulation, the circular plate displayed in Figure 2-2(a) effectively represents a circular
region surrounding the tool in an, otherwise, infinitely long FSW work-piece. The plate is
considered to contain a concentric circular through-the-thickness hole with a radius of 3.0mm.
The two-part tool is modeled using a 3.0mm-radius cylindrical pin lower section and a 9.0mmradius circular-disc shaped upper shoulder section. The bottom surface of the shoulder is not
parallel with the work-piece but is rather inclined at an angle of 80.5 degrees (with respect to the
vertical axis of the tool).
The work-piece is meshed using ~9,000 first-order eight-node reduced-integration
hexahedral thermo-mechanically coupled solid elements, while the tool was meshed using ~2,000
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18.0mm
4.0mm
1.0mm
8.0mm

6.0mm

80.5º

(a)
80.0mm

6.0mm
7.0mm

(b)

Figure 2-2. Geometrical models with dimensions for the: (a) FSW tool; and (b) FSW work-piece.

first-order four node reduced-integration rigid-shell elements. Thermal properties of the tool are
modeled using one single-node heat-capacity type of element. The meshed models for the workpiece and the tool are shown in Figures 2-3(a)-(b), respectively.
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2.3.3. Fully-Coupled Thermo-Mechanical Analysis
To investigate the FSW process, a fully-coupled thermo-mechanical finite-element
analysis was utilized. Within this analysis, the nodal degrees of freedom include both the nodal
velocities and nodal temperatures. Furthermore, solid-mechanics and heat-transfer aspects of the
analysis are two-way/fully-coupled. That is, the work of plastic deformation and that associated
with frictional sliding are considered as heat sources within the thermal analysis, while the effect
of local temperature on the mechanical aspect of the analysis is accounted for through the use of
temperature-dependant work-piece material properties.
At the beginning of the computational analysis, the following (initial) conditions are
employed: the tool is assigned a fixed rotational speed in at a range of 200-400rpm and a zero
translational velocity, while the work-piece is assumed to be stationary. Both the tool and the
work-piece are initially set to a temperature of 298K.
During the analysis, the following boundary conditions are employed: (a) the bottom of
the work-piece is constrained in the through-the-thickness direction; (b) the tool rotation is
maintained at the same initial angular velocity; (c) a fixed contact pressure of 70MPa is applied
over the tool-shoulder/work-piece contact interface; and (d) the work-piece is not translated along
the weld-line during the first 2s. Thereafter, tool translation along the weld-line is accomplished
by applying a constant material-flow velocity in the weld-line direction over the (in-flow) and
(out-flow) rim surfaces of the work-piece. Heat-convection thermal boundary conditions are
applied over the portions of the work-piece surfaces which are not in contact with the tool.
Typical value for the heat transfer coefficient is assigned to the work-piece/air and to the workpiece/backing-plate interfaces.
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(a)

(b)

Figure 2-3. Meshed models for the: (a) FSW tool; and (b) FSW work-piece.

To deal with the potential hour-glassing problem associated with the use of reduced
integration elements and the incompressible nature of plastic deformation in the work-piece
material, a relaxed hourglass-stiffness method was employed.
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The tool and the work-piece are allowed to interact over their contact surfaces.
Specifically, contacts between the bottom surface of the tool-shoulder and the top surface of the
work-piece as well as those between the outer surface of the pin and the work-piece hole were
considered. Details regarding the contact algorithm used are provided in the Section 2.3.5.
All the calculations are carried out using the commercial finite-element package
ABAQUS/Explicit [2.34].
2.3.4. Material Models
As mentioned earlier, the FSW tool is considered to be rigid and, hence, no mechanical
properties (except for the density) had to be specified for its material. On the other hand, since
the tool was acquiring a portion of the heat generated as a result of tool-work-piece interfacial
slip, during the FSW process, its thermal capacity had to be specified. Considering the fact that
the tool is often made of a hot-worked tool steel such as AISI H13, temperature-invariant thermal
properties and density of this material were used to compute thermal capacity of the tool [2.35].
As mentioned earlier, the alloy whose FSW behavior is analyzed in the present work is
AA5083-H321. While often age-hardened Al-alloys (e.g. AA6061-T6) are friction-stir welded,
the microstructure evolution of these alloys during FSW is expected to be substantially more
complex due to unstable nature of its precipitates (i.e. precipitates can undergo partial or complete
dissolution during alloy exposure to high temperature and can reappear upon cooling in different
morphologies and number densities, and even precipitates with different crystal structures may
appear). AA5083 (nominal chemical composition: 4.5 wt.% Mg, 0.25 wt.% Cr, 0.75 wt.% Mn) is
Mg/Mn solid-solution hardened alloy and, in addition, in its H321 temper state is cold-work
hardened and stabilized (to obtain a needed level of ageing/over-ageing resistance). While Al6Mn
precipitates are present in this alloy, due to aforementioned stabilizing heat-treatment, they are
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relatively resistant to both dissolution and coarsening so that precipitate-portion of the material
microstructure can be taken as mainly unchanged during FSW.
For the work-piece material, both thermal and mechanical properties had to be specified.
Assuming that the work-piece is made of an aluminum alloy AA5083, the following temperatureinvariant and microstructure-invariant thermal properties were used: thermal conductivity, k,
=120W/m∙K, specific heat, cp, =880J/kg∙K, and density, ρ, = 2700kg/m3.
The work-piece material is assumed to behave as an isotropic linear-elastic and a strainrate sensitive, strain-hardenable and (reversibly) thermally-softenable plastic material. In this
type of materials, the mechanical response is described by the following three relations: (a) a
yield criterion, i.e. a mathematical relation which defines the condition which must be satisfied
for the onset (and continuation) of plastic deformation; (b) a flow rule, i.e. a relation which
describes the rate of change of different plastic-strain components during plastic deformation; and
(c) a constitutive law, i.e. a relation which describes how the material-strength changes as a
function of the extent of plastic deformation, the rate of deformation and temperature. For
AA5083 analyzed in the present work, the following specific mechanical-model relations were
used:
Yield Condition:
The von Mises yield condition was used according to which the equivalent stress  must be
equal to the material yield strength,  y , i.e.:

f ( ij ,  y )     y  (3 / 2) ij  ij   y  0

(1)

Where f is the yield function,  ij and  ij denote respectively the stress and strain components,
superscript „ is used to denote deviatoric quantities, and repeated subscripts imply summation.
Flow Rule
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The associative/normality flow rule is used in the present work according to which the plastic
flow takes place in the direction of the stress-gradient of the yield surface as:
 pl  

df
d ij

(2)

Where superscript pl is used to denote a plasticity-related quantity, a raised dot denotes a time
derivative and  is proportionality constant.
Constitutive Law
In the present work, the work-piece material yield strength was assumed to be controlled by strain
and strain-rate-hardening as well as by reversible thermally-activated slip-controlled thermalsoftening effects. Accordingly, the Johnson-Cook strength model [2.36] was used as the basis for
constitutive law in the material under investigation. This model is capable of representing the
material behavior displayed under large-strain, high deformation rate, high-temperature
conditions, of the type encountered in the problem of computational modeling of the FSW
process. Within the Johnson-Cook model, the yield strength is defined as:







 y  A  B( pl ) n 1  C1 log(  pl / o pl ) 1  THm



(3)

where  pl is the equivalent plastic strain,  pl the equivalent plastic strain rate, o pl a reference
equivalent plastic strain rate, A the zero-plastic-strain, unit-plastic-strain-rate, room-temperature
yield strength, B the strain-hardening constant, n the strain- hardening exponent, C1 the strainrate constant, m the thermal-softening exponent and TH=(T-Troom)/(Tmelt-Troom) a roomtemperature (Troom) based homologous temperature while T melt is the melting temperature. All
temperatures are given in Kelvin. A summary of the Johnson-Cook strength model parameters
for AA5083 is provided in Table 2-1.
While in the original Johnson-Cook strength model the evolution of the equivalent plastic
strain is assumed to be controlled entirely by the plastic-deformation process, in the present work,
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Parameter

Symbol

Units

Value

Reference Strength

A

MPa

167.0

Strain-hardening Parameter

B

MPa

596.0

Strain-hardening Exponent

n

N/A

0.551

Strain-rate Coefficient

C

N/A

0.001

Room Temperature

Troom

K

293

Melting Temperature

Tmelt

K

893.0

Temperature Exponent

m

N/A

1.0

Table2-1. Johnson-Cook Strength Model Material Parameters for AA5083-H116
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plastic-strain evolution is assumed to be controlled by competition between plastic yielding and
dynamic-recrystallization. Since this represents one of the key contributions of the present work,
details regarding the proposed modifications of the Johnson-Cook strength model are deferred to
the results in discussion section, Section 2.4.
Integration of the Stress State
During loading, the stress is updated by integrating the rate-form of Hooke‟s law:
 ij  Cijkl klel  Cijkl kl  Cijkl klpl

(4)

where C ijkl is the forth-order elastic-stiffness tensor, and the total strain rate  is assumed to be
comprised of its elastic,  el , and plastic,  pl , components. At each step during loading, the total
strain rate is known (computed from the known velocity gradient).
After Eq. (2) is plugged in to Eq. (4), Eqs. (1)-(4) constitute a set of eight equations with
eight unknowns (  ij ,  .  y ). These equations can be readily solved/integrated using one of the
numerical integration techniques.
2.3.5. Tool/Work-Piece Interactions/Contact
Normal interactions between the tool and the work-piece were accounted for using a
“penalty” contact algorithm. Within this algorithm, the penetration of the surfaces into each other
is resisted by linear spring forces/contact-pressures with values proportional to the depth of
penetration. These forces, hence, tend to pull the surfaces into an equilibrium position with no
penetration. Contact pressures between two bodies are not transmitted unless the nodes on the
“slave surface” contact the “master surface”. There is no limit to the magnitude of the contact
pressure that could be transmitted when the surfaces are in contact. Transmission of shear
stresses across the contact interfaces is defined in terms of a static and a kinetic friction
coefficient and a stick/slip critical shear-stress level (a maximum value of shear stress which can
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be transmitted before the contacting surfaces begin to slide). In accordance with the standard
practice, in this field, both the static and the kinetic friction coefficients are set to a value of 0.3.
The stick/slip critical shear-stress level is defined using a modified coulomb friction law. Within
this law, there is an upper limit of this quantity which is equal to the shear strength of the softer of
the two contacting materials. Thus at each level of the pressure, the stick/slip critical shear-stress
level is defined as the smaller of the following two shear-stress values: (a) the softer-material
shear strength; and (b) a product of the friction coefficient and the contact pressure. It should be
recognized that both the contact pressure and the contact shear stress are computed as part of the
complete FSW boundary-value problem.
Frictional-slip/sliding at the tool/work-piece contact interfaces is considered as a potential
heat source. The heat generated per unit contact surface area per unit time, q, is taken to scale
with the magnitude of the tangential/interface-shear stress,  , and the slip rate, ds / dt as:
q   (ds / dt )

(5)

Where  defines the fraction of the frictional-slip energy which is converted to heat. The heat
flux, q , is then partitioned between the tool and the work-piece. In the present work, it was
assumed that the heat generated at the tool/work-piece interface is equally partitioned between the
tool and the work-piece.
2.3.6. Explicit Solution of the Fully-Coupled Thermo-Mechanical Problem
As mentioned earlier, to analyze the FSW process computationally, a fully coupled
thermo-mechanical finite-element analysis was employed. Within this analysis the thermalenergy conservation equation in the form:
c pT  (kT )   ij ijpl

(6)

and a (dynamic) mechanical-equilibrium equation:
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 ij
x j

 fi  

 2 ui
t 2

(i,j=1,2,3)

(7)

are solved, where  is a gradient/divergence operator, x is the spatial coordinate and f denotes
a body force.
Within ABAQUS/Explicit, Eq. (7) is integrated using an explicit forward-difference
integration scheme as:
Ti 1  Ti  ti 1Ti

(8)

where subscript i refers to the time-step increment number.
The temperature-rate vector, Ti , is calculated at the end of time increment i as:
Ti  C 1 ( Pi  Fi )

(9)

where C 1 is the (inverse) lumped thermal capacity matrix, P the applied source vector while Fi
is the internal thermal-flux vector.
The mechanical equilibrium equation is integrated using a central-difference integration approach
as:
u i 1 / 2  u i 1 / 2 

t i 1  t i
ui
2

(10)

ui 1  ui  t i 1ui 1/ 2

(11)

The acceleration-vector at the end of time increment i is computed as:
u1  M 1 ( Li  I i )

(12)

where M 1 is the (inverse) mass matrix, Li the applied-load vector while I i is the internal-force
vector.
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2.3.7. Computational Cost
Computational investigations of manufacturing/fabrication processes such as FSW can be
very costly/time-consuming. This can particularly become an issue in the case of explicit finiteelement analyses which are conditionally stable, (i.e. these analyses entail that the time increment
used be smaller than a critical/stable time increment). In the present fully-coupled thermomechanical analysis both the mechanical and the thermal parts of the problem are associated with
their respective stable time increments. The overall stable time increment is then defined as the
smaller of the two.
The mechanical stable time increment is generally defined by the condition that, within
the time increment, the stress wave must not propagate a distance longer than the minimal
dimension of any finite-element

in the mesh.

Consequently, the mechanical stable time

increment is defined as t max,mech  l min / cd , where l min is the smallest-element edge length, while
c d is the dilatational wave propagation velocity (sound speed) which is defined as cd  E / 

where E is the Young‟s modulus. For aluminum alloys, the sound speed, c d , is ca. 5,100m/s.
and for the smallest work-piece element size used in the present work (~0.6mm), the stable time
increment t max,mech is ~1.0∙10-7s. For a typical FSW test runs of 20s, an explicit finite-element
computational analysis would use ~2∙108 time increments. Using the computational facilities
available for the present work, this would require and estimated computational wall time of 96hrs
per single computational analysis. Since this computational cost was unacceptably high, a massscaling algorithm was used. Within this algorithm, material density is artificially increased in
order to increase the stable time increment. The use of such mass-scaling algorithm does not alter
the amount of heat generated by dissipation of plastic-deformation work and frictional-slip. Also,
care was taken to ensure that a kinetic-energy over internal-energy ratio is less than 10%, which
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is recommended in order to ensure that the mechanical portion of the solution is not altered by
mass-scaling.
The thermal stable time increment is generally defined by the condition that, within the
time increment, the thermal wave must not propagate a distance longer than the minimal
dimension of any finite-element in the mesh. Consequently, the thermal stable time increment is
defined as t max,therm  lmin 2 / 2 , where l min is the smallest-element edge length, while  is the
thermal diffusivity. Using the aforementioned thermal-property values for AA5083, the thermal
stable time increment has been computed as t max,therm is ~1.0∙10-3s. It should be noted that the
mass-scaling algorithm used does not affect this stable time increment and that the modified
mechanical stable time increment does not exceed the thermal stable time increment.
Consequently, mass-scaling does not affect the thermal portion of the fully-coupled thermomechanical problem investigated in the present work.
2.3.8. Arbitrary Lagrangian-Eulerian(ARL) Formulation
As established earlier, FSW involves extensive plastic deformation and large-scale
motion of the material from the region in-front of the tool, to the region behind the tool. Under
such conditions, the pure Lagrangian formulation in which the finite-element mesh is attached to
the material and moves/deforms with it can encounter serious numerical difficulties.

To

overcome this problem, the finite-element analysis of the FSW process carried out in the present
work was based on the so-called Arbitrary Lagrangian-Eulerian (ALE) formulation. Within this
algorithm, adaptive re-meshing is carried out during a computational run to ensure that the mesh
remains of a high quality.

This approach is generally preferred over the pure Eulerian

formulation in which the mesh remains unchanged/stationary while the material flows through it.
Since the ALE mesh has a Lagrangian character, it can readily track material surfaces and prevent
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formation of partially-filled elements.

The latter two problems are often cited as key

shortcomings of the pure Eulerian formulation.
The ALE formulation used in the present work involved the following three main
aspects:
(a) The work-piece mesh is assumed to be stationary (i.e. of the Eulerian type) in the
circumferential direction, while in the radial and in the through-the-thickness directions, the same
mesh is allowed to follow the material (i.e. the mesh is assumed to be of the Lagrangian type);
(b) The inflow and outflow rim surfaces of the work-piece plate are treated as being pure
Eulerian: and thus stationary; and
(c) The top and bottom work-piece plate surfaces are treated as being of the “sliding”
type, i.e. the mesh is allowed to follow the material in the direction normal to the surface but
remains stationary in the other two orthogonal directions.
2.4. Results and Discussion
2.4.1. Material Model Modification to include the Effects of Dynamic Recrystallization
As mentioned earlier, the work-piece material AA5083-H321 is modeled using a
modified Johnson-Cook strain-hardening, strain-rate sensitive, temperature-softening yieldstrength model. Within the original Johnson-Cook model, Eq. (3), temperature provides only a
reversible effect in promoting plastic deformation via thermal activation of dislocation glide and
climb. Simply stated, higher temperatures promote plastic yielding but, per se, are not considered
to (irreversibly) alter material microstructure/properties. However, as pointed out earlier, during
FSW, the work-piece material in the weld/stir zone becomes heavily plastically deformed and it
gets generally subjected to temperatures very near, yet lower than, the material melting
temperature. Under these conditions, the material tends to undergo annealing at the same time as
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it is being deformed plastically. In other words, the material in the stir/nugget region tends to
dynamically recrystallize, as a result of which the material strength/hardness (at high welding
temperatures, as well as, at the room temperature) is lowered relative to that in the base (H321
temper condition) material. This effect of temperature is not accounted for in the original
Johnson-Cook model.

Rather, only the effect of high temperatures on promoting plastic

deformation via thermal activation is taken in to account.
To overcome the aforementioned deficiency of the original Johnson-cook model, a
modification is proposed to the differential equation governing the evolution of the equivalent
plastic strain.

In the original Johnson-Cook model, this evolution was governed by

simultaneously satisfying the Hooke‟s law, yield criterion and flow rule relations, Section 2.3.4.
In this way, only the effect of strain-hardening due to an increase in the dislocation density and
the resulting increase in the dislocation-motion resistance imposed by the surrounding
dislocations is taken into account. To include the effects of dynamic recrystallization, a simple
phenomenological-based relation for the additional (negative) component in the equivalent plastic
strain rate is proposed. This equation is based on the following physics-based arguments:
(a) Dynamic recrystallization is a thermally activated process and consequently the
correction term in the equivalent plastic strain evolution equation must contain a Boltzmann
probability term in the form exp(-Q/RT,) where Q is an activation energy while R is the universal
gas-constant.

In other words, the dynamic-recrystallization correction to the Johnson-Cook

strength model should be an Arrhenius-type function;
(b) Since the rate of recrystallization across various alloy systems appear to scale with the
dimensionless absolute-zero based homologous temperature, Th, (defined as the ratio of the
temperature and the melting temperature, both temperatures expressed in K), it is convenient to
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replace Q/RT term in the Boltzmann probability relation with q/T h, where q is a dimensionless
activation energy; and
(c) Due to the fact that the rate at which material tends to recrystallize increases as the
amount of cold work is increased, q should be a decreasing function of the equivalent plastic
strain



pl

.

Based on these arguments, the dynamic-recrystallization contribution to the evolution of
the equivalent plastic strain can be expressed as:
 pl ,dyn _ rec  o, pl ,dyn _ rec e

 q ( pl ) / Th 

(13)

Where o, pl ,dyn _ rec is a dynamic-recrystallization frequency/pre-exponential term. An analysis of
the available experimental data pertaining to the kinetics of recrystallization of AA5083 [2.37]
showed that q scales inversely with

 pl

raised to a power of 2.9. Based on this finding and using

the curve-fitting results for the experimental recrystallization-kinetics data reported in Ref. [2.37],
it is found that Eq. (13) can be rewritten as:
 pl ,dyn _ rec  21.5e

1 /(  pl 2.9Th )

(14)

The effect of Eq. (14) on modifying the behavior of AA5083 under simple uniaxial
tensile conditions is displayed in Figures 2-4(a)-(c). In Figure 2-4(a), it is seen that when Th is
relatively low (Th =0.3), the effects of dynamic recrystallization are small so that the material
strain hardens. In sharp contrast, when Th is relatively high (Th =0.9), the effect of dynamic
recrystallization is dominant so that despite extensive plastic deformation, the material undergoes
pronounced strain softening; Figure 2-4(b). In Figure 2-4(c), it is seen that when the effects of
strain hardening and dynamic recrystallization are comparable, at the intermediate values of Th
(Th =0.5), no significant change in material strength takes place during plastic deformation.
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Figure 2-4. A comparison of the strength vs. equivalent plastic strain curves as predicted by the
original and the modified Johnson-cook strength models. The results are obtained under uniaxial
strain-rate of 0.001 s-1 and at three different homologous temperatures: (a) θ =0.3; (b) θ =0.9; (c)
θ=0.5

The oscillating behavior of material strength seen in Figure 2-4(c) is a result of the
competition and the interaction between strain-hardening and dynamic recrystallization induced
softening processes. That is, softer material tends to harden at a high rate and, when the amount
of plastic strain in the work-piece becomes sufficiently large, the rate of dynamic-recrystallization
becomes high enough to bring the strength down. This type of oscillating-strength behavior is
often a signature of the undergoing dynamic-recrystallization process.
It should be recognized that the kinetics of recrystallization is generally described using
the so-called Johnson-Mehl-Avrami equation e.g. [2.38].
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Within this equation, the volume

fraction of the material recrystallized, as a function of time, is given by a characteristic S-shaped
Frame 001  11 Jun 2009  | | |
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Figure 2-5. Experimental results [2.37] and the fitting curves pertaining to the recrystallization
kinetics in AA5083

which starts from a non-zero annealing time (the incubation period), increases with a higher and
higher slope and, ultimately, the slope decreases as the volume fraction of the recrystallized
material approaches unity, Figure 2-5. The inner steepest part of this curve generally covers the
major portion (80-90%) of the range of the recrystallized-material volume-fraction. Taking this
fact into account, the simple model proposed here assumes that the entire recrystallized-material
volume-fraction vs. time curve can be represented by its inner part and that this portion can be
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linearized. The slope of this new linear function, on the other hand, is taken to be a function of
the temperature and the equivalent plastic strain. Eq. (14) is then obtained by assuming that
 pl , dyn _ rec scales linearly with the rate of recrystallization.

To include the effects of dynamic recrystallization of the work-piece material on the
material evolution during FSW, the modified Johnson-Cook material model is implemented into a
user-material subroutine VUMAT.for and linked with ABAQUS/Explicit finite-element solver.
To validate the implementation of the material model, several FSW cases were analyzed. It is
found that when the effects of dynamic recrystallization are suppressed, the results (not shown for
brevity), based on the user-material model and the Johnson-Cook model (built in the
ABAQUS/Explicit) are essentially identical.
2.4.2. Typical Computational Results
In this section, examples of the typical results obtained in the fully-coupled finite element
investigation of the FSW process carried out in this work are presented and discussed. The finite
element analysis used allowed investigation of the effect of all the key FSW process parameters
on the temporal evolution and spatial distribution of various material-related quantities such as:
temperature, stress and strain components, equivalent plastic strain, local material strength,
material velocity, trajectory of tracer particles which reveal locations of the associated material
particles as they are passing through the circular region surrounding the rotating pin tool, etc.
Since similar results were shown and discussed in a series of papers by Zhang et al. [2.29-2.31],
only few representative and unique results will be displayed and discussed in this section.
Nodal Velocity Field
The distribution of nodal velocities at the outer surfaces of the work-piece at two
different times (0.0s and 0.5s) is displayed in Figures 2-6(a)-(b). For clarity,
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In-flow

Outflow

(a)

In-flow

Outflow

(b)
Figure 2-6. A typical nodal-velocity field associated with friction stir welding: (a) the initial state; (b)
the fully developed state; (c) a close-up of part (b); and (d) close-up of the transverse section of part
(b)

the tool is not shown in Figures 2-6(a)-(b), as well as in several other figures presented in the
remainder of this document. These figures clearly show that the initially assigned unidirectional
velocity field in the direction of welding quickly transforms into the velocity field in which there
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Hole

(c)

In-flow
Transverse
Section

(d)

is a well-defined stir region right below the shoulder (within which the material circles around the
pin) and the remainder of the field (within which the material tends to flow around the stir
region). A comparison of the results displayed in Figures 2-6(a)-(b) clearly shows how the region
underneath the tool shoulder which is initially unfilled becomes filled as FSW proceeds.
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Once the space under the shoulder is fully filled it remains filled as the FSW process continues.
The material in this region is constantly being refreshed as the tool advances in the welding
direction (please note an increase in the work-piece hole upper-rim altitude). To better reveal the
character of the nodal-velocity field around the work-piece hole, a close up of this region is
provided in Figure 2-6(c). Furthermore, to reveal the tool-induced material-stirring effect through
the work-piece thickness, a transverse section of the plate is provided in Figure 2-6(d).
Material/Tracer Particle Trajectories
The results displayed in Figures 2-6(a)-(b) show the spatial distribution and temporal
evolution of the nodal velocities. It should be noted that due to the ALE character of the finiteelement analysis used in the present work, the motion of the finite-element mesh is not
completely tied to the motion of the material. Thus the results displayed in Figures 2-6(a)-(b)
show the velocities of the material particles which at that moment pass through the nodal points.
However at different times different material particles are associated with the same nodes. To
observe material extrusion around the tool pin and its forging at the tool wake, it is more
appropriate to construct and analyze material-particle trajectories.

This is possible within

ABAQUS/Explicit through the use of so-called “tracer particles” which are attached to the
material points (and not to the mesh nodal points).
An example of the prototypical results pertaining to the trajectory of retreating-side and
advancing-side tracer particles is displayed in Figures 2-7(a)-(b), respectively.

The tracer

particles displayed in these figures are initially located in a plane which is halfway between the
top and bottom surfaces of the work-piece. For improved clarity, tracer-particle trajectories are
color coded. The results displayed in Figures 2-7(a)-(b) clearly revealed the following basic
aspects of the FSW process
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In-flow

(a)

Retreating Side
Advancing Side

In-flow

(b)
Figure 2-7. (a) Retreating-side and (b) advancing-side tracer-particle typical trajectories

(a) The work-piece material at the retreating side (as represented by the yellow and green
tracer-particle trajectories, Figure 2-7(a)), does not, for the most part, enter the stir zone under the
tool-shoulder and usually only flows around it;
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(b) The material at the advancing side (as represented by the white and cyan tracerparticle trajectories, Figure 2-7(b)), which is initially close to the butting surfaces, passes over to
the retreating side and is co-stirred with some of the retreating-side material to form the welded
joint; and
(c) The advancing-side material further away from the initial butting surfaces remains on
the advancing side and either enters the stir region on the advancing side or flows around it.
Temperature Field
A typical spatial distribution of temperature in the work-piece during FSW is displayed in
Figures 2-8(a)-(b).

The results displayed in Figures 2-8(a)-(b) refer to the temperature

distributions over the medial longitudinal and medial transverse sections, respectively. Simple
examination of the results displayed in these figures and of the results obtained in the present
work (but not shown for brevity) reveals that:
(a) Depending on the FSW process conditions such as tool contact pressure, tool
rotational and translational speeds, temperatures in a range between 3500C and 4500C are
obtained;
(b) The highest temperatures are always found in the work-piece material right below the
tool shoulder and temperatures are progressively decreased from this region as a function of the
distance in the radial and through-the-thickness directions;
(c) As the tool rotational speed and contact pressure are increased, higher temperatures
are observed and temperature differences between the top and bottom surfaces of the work piece
are reduced; and
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In-flow

Outflow

(a)
In-flow

(b)
Figure 2-8. Typical temperature distribution over one-half of the work-piece obtained by cutting
along: (a) the longitudinal; and (b)-(c) transverse directions: Maximum (red) = 400ºC; Minimum
(blue) = 25ºC

(d) Typically plastic deformation contributes around 30% to the overall heat generation (the
remainder is associated with the frictional dissipation at the tool/work piece contact surfaces) and
this contribution increases slowly with an increase in the translational velocity of the tool.
Equivalent Plastic Strain Field
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In-flow

Outflow

(a)
In-flow

(b)
Figure 2-9. Typical equivalent plastic strain distribution over one-half of the work-piece obtained by
cutting along: (a) the longitudinal; and (b) transverse directions: Maximum (red) = 120; Minimum
(blue) =0

A typical spatial distribution of equivalent plastic strain in the work-piece during FSW is
displayed in Figures 2-9(a)-(b). The results displayed in Figures 2-9(a)-(b) refer to the equivalent
plastic strain distributions over the medial longitudinal and medial transverse sections,
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respectively. Simple examination of the results displayed in these figures and of the results
obtained in the present work (but not shown for brevity) reveals that:
(a) Depending on the FSW process conditions such as tool contact pressure, tool
rotational and translational speeds, equivalent plastic strains in a range between 100 and 150 are
observed;
(b) The highest equivalent plastic strains are always found in the work-piece material
right below the tool shoulder and equivalent plastic strains progressively decreased from this
region as a function of the distance in the radial and through-the-thickness directions;
(c) There is a highly pronounced asymmetry in the distribution of the equivalent plastic
strain relative to the initial location of the butting surfaces. This asymmetry is related to the
aforementioned differences in the material transport (at the advancing and the retreating sides of
the weld) from the region ahead of the tool to the region behind the tool; and
(d) As the tool Translational speed is decreased and the tool/work-piece contact pressure
is increased, higher equivalent plastic strains are observed and equivalent plastic strain
differences between the top and bottom surfaces of the work piece are reduced. This finding
suggests that under these FSW process conditions the extent of material stirring/mixing (which
plays a critical role in weld quality/joint-strength) is increased.
Residual Stress Field
It is well-established that friction stir welded components contain significant level of
residual stresses both in the direction of welding (the longitudinal direction) and in the direction
normal to it (the transverse direction).

These residual stresses are caused by non-uniform

distributions in the extent of plastic deformations (as represented by the equivalent plastic strains)
and in temperature in different regions within the weld joint. Since the presence of residual
stresses can significantly affect the structural and environmental resistance/durability of welded
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joints, it is critical that they are quantified and that their magnitudes and spatial distributions be
correlated with various FSW process parameters. While a comprehensive investigation of the
residual stress distribution as a function of the FSW process parameters is beyond the scope of the
present work, an effort was invested here to develop computational capabilities for such
investigations. Towards that end, the results of the FSW simulation are imported into the implicit
finite-element program ABAQUS/Standard and a quasi-static fully coupled thermo-mechanical
analysis is carried out. It should be noted that ABAQUS/Explicit is not suitable for this type of
investigation since it requires prohibitively long computational times. Within the quasi-static
fully-coupled thermo-mechanical analysis employed, the FSW tool is removed and the boundary
conditions are eliminated from the work-piece while temperature is progressively decreased down
to room temperature.
An example of the results pertaining to the distribution of von Mises residual stresses
over medial longitudinal and transverse sections of the work-piece are displayed in Figures 210(a)-(b), respectively. Simple examination of the results displayed in these figures and of the
results obtained in the present work (but not shown for brevity) reveals that:
(a) Maximum longitudinal residual stresses are generally higher then their maximum
transverse counterparts by a factor of roughly two;
(b) The residual stresses typically increase in magnitude as the distance from the initial
portion of butting surfaces is reduced. However, in the innermost portion of the nugget, they tend
to decrease somewhat. This is clearly related to the effect of dynamic recrystallization which is
prevalent in this region; and
(c) Both the longitudinal and transverse residual stresses tend to increase with an increase
in the tool rotational and translational velocities.
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In-flow

Outflow

(a)
In-flow

(b)

Figure 2-10. Typical von Mises residual stress distribution over one-half of the work-piece obtained
by cutting along: (a) the longitudinal; and (b) transverse directions: Maximum (red) = 50MPa;
Minimum (blue) =-20 MPa
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2.4.3. Comparison with Experimental Results
The results presented in the previous section (as well as the results obtained in the present
work but not shown) are very reasonable and in good qualitative agreement with the general
experimental observations/findings.

However, if the computational approach like the one

developed here is to become an integral part of the FSW practice and help guide further
development and optimization of this metal-joining process, it must also demonstrate the needed
level of quantitative agreement with the experimental results/observations. To assess the ability
of the present computational approach to account for the experimentally measured FSW-related
results, selected computational results are compared with their experimental counterparts
obtained in the work of Peel et al. [2.26].

The work carried out in Ref. [2.26] is quite

comprehensive and thorough and involves AA5083, the aluminum alloy investigated in the
present work. While the work of Peel et al. [2.26] yielded numerous results, only the following
two types of these results could be directly compared with the finite-element based computational
results obtained in the present work: (a) variation of the longitudinal and transverse (normal)
residual stresses as a function of the distance from the weld line; and (b) variation of the roomtemperature material strength as a function of the distance from the weld line.
Residual Stress Distribution
A comparison between the present computed and the experimentally measured results
reported in Ref. [2.26] pertaining to variation of the longitudinal and transverse residual stresses
as a function of the distance from the initial location of the butting surfaces is displayed in
Figures 2-11(a)-(b).

While some disagreement exists between the computational and the

experimental results, the overall residual stress distribution profile appears to be reasonably well
reproduced by the present computational analysis. Specifically:
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Figure 2-11. Variation of the: (a) longitudinal and (b) transverse residual stresses as a
function of the distance from the weld-line. Data pertaining to the advancing side of the weld joint
are on the right-hand side of the plot
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(a) The residual stresses are compressive at larger distances from the weld-line at the
advancing side of the weld (the right-hand side in Figures 2-11(a)-(b));
(b) As one approaches the weld-line at the advancing side, the residual stresses first
increase in magnitude and then switch their character (i.e. becomes tensile), at a distance of 15-20
mm from the weld-line (at the advancing side);
(c) In the innermost portion of the nugget, the tensile residual stresses tend to decrease
somewhat;
(d) As the distance from the weld-line increases on the retreating side, the stresses
gradually decrease toward zero; and
(e) The longitudinal residual stresses are generally higher than their transverse
counterparts.
Room-temperature Material Strength Distribution
A comparison between the present computed results (as predicted by the modified
Johnson-Cook strength model) and the experimentally measured results reported in Ref. [2.26]
pertaining to variation of the room-temperature material strength as a function of the distance
from the initial location of the butting surfaces is displayed in Figure 2-12. The results displayed
in this figure show that, while the quantitative agreement between the computed and the
experimental results is only fair, the present computed analysis correctly predicts the overall
trend. This is quite encouraging considering the fact that according to the original Johnson-Cook
strength model (in which the effect of dynamic recrystallization is neglected) incorrectly predicts
that the highest room-temperature strength levels are located in the innermost region of the
nugget zone (where the equivalent plastic strain levels are also the highest).
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2.5. Conclusions
Based on the work presented and discussed in the present work, the following main
summary remarks and conclusions can be made:
1. A comprehensive fully-coupled thermo-mechanical finite-element computational
investigation of friction stir welding (FSW) of a prototypical solid-solution strengthened and
strain hardened aluminum alloy (AA5083) is carried out.
2. To model the microstructure/property evolution of this material during the FSW
process, the original Johnson-Cook strength model is modified in order to account for the effects
of dynamic recrystallization and the associated material softening taking place in the stir zone of
the welded joint.
3. Various results obtained showed good overall qualitative agreement with the
corresponding empirical findings/observations.
4. Limited quantitative experimental results pertaining to the variations of the
longitudinal and transverse residual stresses with distance from the weld line and the associated
variations in material strength are used to validate the modified Johnson-Cook finite-element
procedure employed. A reasonably good agreement is obtained between the computed and
experimental results suggesting that the modeling and simulation procedure used are adequate.
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CHAPTER 3
MODELING OF AA5083 MATERIAL-MICROSTRUCTURE EVOLUTION
DURING BUTT FRICTION-STIR WELDING

3.1. Abstract
A concise yet a fairly comprehensive overview of the Friction Stir Welding (FSW)
process is provided. This is followed by a computational investigation in which FSW behavior of
a prototypical solution-strengthened and strain-hardened aluminum alloy, AA5083-H131, is
modeled using a fully-coupled thermo-mechanical finite-element procedure developed in our
prior work. Particular attention is given to proper modeling of the welding work-piece material
behavior during the FSW process. Specifically, competition and interactions between plasticdeformation and dynamic-recrystallization processes is considered in order to properly account
for the material-microstructure evolution in the weld nugget zone. The results showed that with
proper modeling of the material behavior under high-temperature/severe-plastic-deformation
conditions, significantly improved agreement can be attained between the computed and
measured post-FSW residual-stress and material-strength distribution results.

3.2. Introduction
Friction Stir Welding (FSW) is a solid-state metal-joining process [3.1-3.3]. Within
FSW, a (typically) cylindrical tool-pin (threaded at the bottom and terminated with a circularplate shape shoulder, at the top) is driven between two firmly-clamped plates (placed on a rigid
backing support), Figure 3-1(a). Due to a high normal downward pressure applied to the shoulder
and due to frictional sliding and plastic-deformation, substantial amount of heat is generated at
the tool/work-piece interface and in the region underneath the tool shoulder.
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Thermally

plasticized work-piece material is then extruded around the traveling tool and forged into a
welding-joint behind the tool.
Due to its solid-state character and lower process temperatures, FSW possesses a number
of advantages and few limitations in comparison to the conventional fusion welding processes. A
detailed discussion of the key advantages and limitations of the FSW process can be found in an
excellent recent review by Nandan et al. [3.4]. Also a detailed account of the role of FSW in
joining difficult-to-weld alloys (e.g. aluminum-based alloys can be found in Ref. [3.4].
FSW normally produces an asymmetric joint due to the fact that material flow during
welding is different at two sides of the butting surfaces. The side at which the tool rotation is in
the same direction as its travel direction is normally referred to as the “advancing side” while the
other side is referred to as the “retreating side”.
Microstructural examination of the FSW joints revealed the presence of four distinct
zones, Figure 3-1(b): In a decreasing order of the distance from the initial position of the butting
surfaces the four zones are: (a) the unaffected zone; (b) The heat-affected zone, HAZ; (c) The
thermo-mechanically affected zone, TMAZ; and (d) The weld-nugget/stir zone.

A detailed

description of various microstructural changes observed in these zones can be found in our prior
work [3.5], as well as in later sections of this manuscript.
The main objective of the present work is two-fold: First, a fairly comprehensive
overview is provided of the main aspects of the FSW process with special emphasis placed on
addressing complex relations between process parameters, heat and mass transfer phenomena and
various microstructure-evolution processes which control the weld quality and process efficiency.
The second objective of the present work is to apply our recently developed fully-coupled
thermo-mechanical finite-element methodology [3.5] in order to model FSW behavior of a
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Figure 3-1. (a) Retreating-side and (b) advancing-side tracer-particle typical trajectories
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prototypical solution-strengthened and strain-hardened Al-Mg alloy AA5083-H131.

Since

AA5083-H131 is a non-age-hardenable alloy, its microstructural evolution is relatively simple
and mainly is the result of plastic deformation and dynamic recrystallization. In sharp contrast,
microstructural changes in age-hardened alloys is typically much more complex and involves
additional processes such as precipitate coarsening /agglomeration, dissolution and reprecipitation in addition to plastic deformation and dynamic recovery/recrystallization.
The organization of the paper is as follows: In Section 3.2, a brief overview is provided
of the key aspects of the processing/microstructure/property interrelations associated with the
FSW process. This overview includes both the main experimental observations and the major
FSW-process modeling efforts. The application of the fully-coupled thermo-mechanical finiteelement procedure developed in Ref. [3.5] to modeling FSW behavior of AA5083-H131 is
presented in Section 3.3. A comparison between the computational and the experimental results
pertaining to the post-FSW distributions of the residual stresses and material strengths is also
provided in this section. The key conclusions resulting from the present study are summarized in
Section 3.4.
3.3. Overview of the FSW Process
3.3.1. Heat Generation during the FSW Process
During FSW, heat is generated by the following processes [3.6-3.13]: (a) frictionalsliding dissipation at the tool/work-piece contact surfaces; (b) plastic deformation of the workpiece material, and (to a lower extent) by (c) microstructural recovery and recrystallization.
While plastic deformation also stores the energy in the form of dislocations, increased grainboundary surface area, and increased surface area of sheared (cut-through or deformed)
precipitates, this typically represents only a minor fraction (3-5%) of the total work of plastic
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deformation. The remainder is dissipated in the form of heat. In the remainder of this section,
simple mathematical models are provided for the aforementioned components of heat generation.
Before deriving the appropriate equations for heat generation, one should define a
relative velocity between the tool and the work-piece, vr as:
vr  wr  U sin

(1)

Where w is the tool rotational speed, r a radial distance from the tool axis, U tool travel
speed and θ an angle between the radial direction, r, and the welding direction.
The rate of heat generation due to frictional-sliding dissipation over an elementary
contact surface area dA can be defined as [3.14]:
de f   (r  U sin  )  f pdA

(2)

Where  is the extent of interfacial slip,  f kinetic friction coefficient, and p the local
tool/work-piece contact pressure. The conditions  =1.0 and  =0.0 correspond respectively to
the cases when no sticking and complete sticking of the work-piece material to the tool takes
place. In the first case, only frictional-slip dissipation contributes to the heat generation, while in
the second case, heat is generated purely by plastic deformation/shearing of the work-piece
material adhering to the tool.
When the work-piece material sticks to the tool and heat is generated by shearing of the
work-piece material adjacent to the tool/work-piece interface, the heat generation rate can be
defined as:
des  (1   )(r  U sin  ) y dA

(3)

Where  y   y / 3 is the work-piece material shear strength while  y
corresponding normal yield strength.
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is the

In addition to shearing of the work-piece material which adheres to the tool, plastic
deformation of the work-piece material away from the tool/work-piece interface also generates
heat. When the heat-plasticized work-piece material is modeled as a non-Newtonian fluid, the
rate of heat generation, over a volume element dv, can be expressed as:
d p  dv

(4)

Where  is the fraction of work of plastic deformation dissipated in the form of heat,
 non-Newtonian viscosity of the plasticized work-piece material, while  is defined as
3
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(5)

Where ui and xi (i=1,2,3) are components of the material velocity and spatial coordinates.
When the work-piece material is treated as an elastic/plastic solid material, the rate of
heat generation by dissipation of the plastic-deformation work is defined as:
de s   ij  p.ij dv

(6)

Where  ij and  p.ij represent stress and plastic strain-rate components and summation is implied
over the repeated indices.
The mathematical models for heat generation presented above have been validated
experimentally by either directly measuring thermal history of selected work-piece material
points or, indirectly, by measuring mechanical energy expended during the FSW process [e.g.
3.15].
3.3.2. Heat and Mass Transfer during the FSW Process
Except for the initial (tool-insertion) and the final (tool-extraction) stages of the FSW
process, heat generation and heat/mass transfer can be assumed to occur under steady-state
conditions (with respect to a coordinate frame attached to the traveling tool).
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Under this

assumption, the velocity and temperature spatial distributions can be determined computationally
by solving the appropriate steady-state mass, momentum and energy conservation equations for
and in-compressible single-phase material.
Energy Conservation Equation
The steady-state energy conservation equation can be defined as:
C p 

(u i T )
T

  C pU

xi
x1 xi

Where 

 T 
k

 x   S b
i 


(7)

-piece material density, C p constant-pressure specific heat, u i (i=1,2,3)

material velocity components, T temperature, k thermal conductivity,
While S b  d p / dv   is the rate of heat generation per unit volume due to plasticdeformation work dissipation (away from the tool/work-piece interfaces).
The heat generated at the tool/work-piece interfaces due to frictional sliding and
adhering-material shearing is partitioned between the work-piece and the tool in accordance with
their thermo-physical properties as [3.16]:
f 

1/ 2
J W (kC p )W

JT
(kC p )1T/ 2

(8)

Where subscripts W and T are used to denote the work-piece and the tool materials.
To complete the steady-state temperature-distribution problem definition, the temperature
boundary conditions must be defined over the work-piece surfaces not in contact with the tool.
Over the work-piece surface exposed to the ambient air, the equality between conduction heatflux to the surface and a sum of the radiation and convection heat-fluxes from the work-piece
surface is used as:
k

T
  (T 4  Ta4 )  h(T  Ta )
z top

(9)
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Where  (=5.67*10-12JK-4cm-2s-1) is the Stefan-Boltzmann constant,  the emissivity,
Ta ambient temperature and h a heat-transfer coefficient.

To account for enhanced heat-transfer through the bottom of the work-piece (due to its
contact with a metallic backing plate), an enhanced heat-convection type of boundary conditions
is used as:
k

T
 hb (T  Ta )
z bottom

(10)

Where hb is an “enhanced” heat transfer coefficient at the bottom surface of the work-piece?
Continuity Equation
When the work-piece material is modeled as an incompressible material, the mass
conservation equation is defined as:
u i
0
x i

(11)

Momentum Conservation Equation
With respect to the same coordinate system attached to the traveling tool, the momentum
conservation equation is defined as:


ui u j
xi
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(12)

Where  is a hydrodynamic pressure which drives the work-piece material flow?
The velocity boundary conditions at the tool/work-piece contact surfaces are defined as
u  (1   )(r sin   U ) ; v  (1   )r cos ; w  

(13)

Where u v and w are respectively the velocity components along the welding direction, an inplane direction normal to the welding direction and in the through-the thickness direction,  is
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the pitch of the threaded cylindrical tool-pin and the condition w  0 holds at the work-piece/toolshoulder interface.
Material Parameter Estimation
The utility of the mathematical modeling approach described above depends greatly on
the accuracy and reliability of the values/functions used for various model parameters. Among
these the most critical ones are: non-Newtonian viscosity,  , enhanced heat transfer coefficient at
the bottom surface of the work-piece, hb , tool/work-piece static and kinetic friction coefficient,
 f , and the extent of slip at the tool/work-piece interface. Following detailed overview of the

procedures used to assess and validate these parameters and their functional dependence on the
FSW process parameters and on the nature of the material(s) being welded can be found in the
review paper by Nandan et al. [3.4]
3.3.3. Work-piece Material Flow and Joint Formation
Numerous experimental and computational investigations revealed that there are three
main (simultaneously occurring components of the work-piece material motion during FSW
[3.17-3.20] :
(a) A layer of work-piece material in direct contact with the tool is forced to rotate around
the tool by the tool/work-piece frictional forces;
(b) Threaded tool tends to push the material around it in the downward direction and, due
to material-incompressibility condition, an upward motion of the work-piece material is also
produced at a distance further away from the tool axis; and
(c) As the tool travels along the joining surfaces, the (thermally-plasticized) work-piece
material is forced to flow around the (rotating) tool.
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In addition, it was clearly demonstrated that a majority of the material flow occurs
through the retreating side and that the thermally-plasticized material transported to the region
behind the tool forms the welded joint.
Additional details regarding the material velocity field are obtained computationally
[3.40,3.41] and indirectly verified using inert markers embedded into the work-piece and
determining their pre and post-welding positions [e.g. 3.21-3.22], measuring the size and shape of
the TMAZ [e.g. 3.23], measuring the grain size which can be correlated with the local strain rates
and, in terms, with local material velocities [e.g. 3.24] or measuring the tool rotational torque and
correlating it with the local shear strengths and deformation rates [e.g. 3.25].

These

investigations jointly established the following picture regarding the material velocity field
around the weld tool:
(a) There is a rotational/recirculation material zone around the tool whose width is larger
at the top surface of the work-piece and the absolute value of this width depends on the workpiece material properties, the FSW process parameters and the rate of heat transfer into the tool;
(b) Outside the re-circulated material zone the material transfer from the region in front
of the tool to that behind the tool takes place mainly at the retreating side. In fact, at the
advancing side often a flow-reversal/stagnant-zone is observed;
(c) At the top surface of the work-piece the highest velocities are obtained in the regions
underneath the tool shoulders. These are the overall highest material velocities. As the elevation
through the work-piece decreases, the velocities decrease in magnitude and the location of
maximum velocities shift towards the tool work-piece interface.
Among the other observed/predicted features of the material flow during FSW, the
following ones appear unique and are worth mentioning.
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(a) In contrast to conventional fusion welding techniques, in FSW material mixing does
not take place at the atomic level. Consequently in the case of dissimilar-alloy FSW, striations of
the two alloys (i.e. diffusion micro-couples) are often observed; and
(b) The character of the material velocity field and its interactions with material
microstructure evolution (i.e. precipitate coarsening/agglomeration, grain and crystalline texture
development, etc) are believed to be the reason for the observation of so-called “onion-ring”
macro-structural features in the transverse cross-section of the FSW nugget region.
3.3.4. Temperature Fields and Post-welding Cooling Rates
Since temperature fields and post-welding cooling rates can significantly affect the
microstructure and properties of the different weld-joint regions, they require close examination.
A review of the computational and (thermocouple-based and in-situ neutron-diffraction-based)
experimental studies dealing with this aspect of the FSW revealed the following unique features
of the FSW temperature fields and cooling rates [e.g.3.4, 3.14,3.28,3.29]:
(a) Due to the fact that FSW is a solid-state joining process, peak temperatures are
significantly lower than their counterparts encountered in fusion-based welding processes;
(b) Due to a more diffuse nature of the heat source and lower welding rates, post-FSW
cooling rates are generally lower;
(c) Temperature distribution in the transverse direction is generally non-symmetric with
higher temperatures often located on the advancing side of the weld;
(d) Temperature distribution in the longitudinal direction is generally non-symmetric with
substantially higher temperature gradients located in front of the traveling tool;
(e) Convective heat transfer by material flow plays an important role in the overall heattransfer process significantly affecting the temperature field and the post-welding cooling rates.
If the thermally-plasticized work-piece material in the weld zone is modeled as a fluid and heat
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transfer by the material flow treated as heat convection, then the corresponding Peclet number (a
parameter which quantifies the relative importance of the heat transfer by convection to that by
conduction) is typically of the order of few tens to a few hundreds. This finding confirms that
material flow makes a major contribution to heat transfer in the FSW process (even in high
thermal-conductivity materials); and
(f) Excessive temperatures and lower cooling rates may seriously alter both the
precipitate and the grain microstructure and drastically change properties of the welded region
relative to that of the base material(s).
3.3.5. FSW Process Parameters
The main FSW process parameters which control both the weld quality and ease of the
welding process (i.e. process efficiency) are (a) tool rotational speed; (b) toll travel speed; (c)
vertical pressure applied to the tool; (d) tool tilt angle; and (e) tool design. The heat-generation
rate, the temperature field, the cooling rate, the tool-travel force and the FSW torque/power all
depend on these process parameters [3.28,3.29].
Peak temperatures are generally found to increase with an increase in the tool rotational
speed and contact pressure and to decrease slightly with an increase in the welding speed.
Since welding torque is mainly controlled by the shear strength of the work-piece
material (which decreases as temperature increases), the same factors which lead to an increase in
peak temperatures usually cause a reduction in the welding torque.
Weld quality depends, in a quite complex manner, on the FSW process parameters as
well as on the nature of the material(s) being welded. In general sufficient friction/plasticdeformation induced heating is required to promote material stirring/mixing while excessive
heating must be avoided since it may lead to undesirable microstructure/property changes. Large
welding torques are often an indication of insufficient heating which may not only lead to
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excessive tool wear or breakage, but also to inadequate material stirring/mixing which typically
leads to microstructural defects.
3.3.6. The Effect of FSW Tool Design
Tool design plays an important role in the FSW process affecting heat generation,
material flow, weld quality as well as the power required for welding [3.30-3.33]. While the tool
shoulder is responsible for the majority of heat generation, both the tool shoulder and the tool pin
affect material flow and the weld quality. Consequently, in recent years various tool designs
were proposed to improve the weld quality and efficiency of the FSW process. Many new FSW
tool designs include taper threads and the flute which promote vertical motion of the material and
more extensive heat generation (due to an increase in the tool-pin/work-piece contact area).
3.3.7. Formation of FSW Flaws and Defects
When FSW is not carried out under appropriate processing conditions, various
flaws/defects can form in the weld nugget and at its interface with the TMAZ region [3.34-3.37].
Among the most often observed flaws are: (a) worm-holes (i.e. continuous channel-like voids
localized on the advancing weld side near the nugget/TMAZ interface and extending in the
welding direction) caused by inadequate material stirring (under an excessive tool travelspeed/rotational-speed ratio); (b) Distributed void/micro-cracks located mainly at the weldnugget/TMAZ interface which form as a result of large gradients in the material
microstructure/properties, present in this region; (c) local “soft spots” associated with excessiveheating induced incipient melting (located mainly under the tool shoulder and near the pin/workpiece contact surfaces; and (d) pronounced flash tunnels (surface flaws) associated also with
excessive heating (at the tool-shoulder/work-piece interface).

Reducing the extent of flaws

through proper selection of FSW process parameters is a major challenge in the FSW practice.
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In general, minimal defect contents are observed when large regions of the work-piece material
are subjected to moderate to high strain rates (1-50s-1) and to temperatures 30–50K below the
solidus temperature and when (through the proper selection of tool design) more effective
material stirring is attained [3.38].
3.3.8. Post-FSW Residual Stresses
Since FSW is associated with highly non-uniform distributions of plastic strain,
temperature and material microstructure, welded joints and the surrounding work-piece material
typically contain significant post-welding residual stresses. Because the aforementioned nonuniformities are present in all three principal directions, tri-dimensional residual stresses are often
observed, although the through-the thickness component is often significantly lower in
magnitude. Understanding the effect of FSW process parameters on the spatial distribution and
the overall magnitude of the residual stresses is highly critical since residual stresses may lead to
distortions and (tensile) residual stresses may promote crack initiation and propagation leading to
catastrophic failure [3.39–3.41],
Numerous (X-ray/neutron diffraction and destructive hole-drilling based) experimental
and (fluid-dynamics/solid-mechanics –based) computational investigations of the residual-stress
distribution revealed the following general findings [3.42];
(a) Peak longitudinal stresses are generally higher than their transverse counterparts by
roughly a factor of two;
(b) Tensile (longitudinal and transverse) residual stresses are normally found in the weldnugget region while compressive stresses reside in the remainder of the weld/work-piece;
(c) While longitudinal stresses show a decent level of symmetry with respect to the initial
position of the butting surfaces, the distribution of the transverse residual stresses is highly
asymmetric. Specifically, on the retreating side, the transverse residual stresses mainly go to
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zero, while on the advancing side pronounced compressive transverse residual stresses are
observed;
(d) The peak residual stresses (particularly their longitudinal components) increase
significantly with an increase in the welding speed due to steeper temperature gradients present
during FSW and reduced stress-relaxation times. On the other hand, no direct dependence of the
residual stresses on the tool rotational speed is generally found; and
(e) The stirring action of the tool tends to relieve some of the stresses so often maximum residual
stresses are found at the nugget-zone/TMAZ interface [3.43].
3.4. Computational Procedure
As mentioned earlier, modeling of the FSW process carried out in the present work
employed the fully-coupled thermo-mechanical finite-element procedure developed in out prior
work [3.5]. Since a detailed account of the procedure was provided in Ref [3.5], only a brief
overview of it will be presented in the remainder of this section.
3.4.1. Computational Domain
The computational domain used consists of a (40.0mm-radius, 3.0mm thickness) circular
plate (with a concentric through-the-thickness 3.0mm-radius circular hole) and a two-part tool (
consisting of a 3.0mm-radius, 3.0mm-length solid right circular cylinder, at the bottom, and a
9.0mm-radius, 3.0mm-thickness circular-plate section, on the top), Figures 3-2(a)-(b). The
computational domain is meshed using ~20,000 first-order eight-node reduced-integration
hexahedral thermo-mechanically coupled solid elements (the meshed model is not shown for
brevity).
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Figure 3-2. Geometrical models with dimensions for the: (a) FSW tool; and (b) FSW work- piece

3.4.2. Computational Algorithm
The FSW process is analyzed computationally using a fully-coupled thermo-mechanical
finite-element algorithm within which heat dissipation associated with plastic deformation and
tool/work-piece interfacial friction-sliding is treated as a source in the governing thermal
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equations while the effect of temperature on the mechanical response of the work-piece material
is taken into account through the use of a temperature-dependent work-piece material model.
The analysis is carried out by prescribing from the onset a constant rotational velocity
and a constant downward pressure to the tool. Instead of assigning a travel velocity to the tool
along the (postulated) butting surfaces of the work-piece, the work-piece material is forced to
move through the work-piece computational domain at the same velocity but in the opposite
direction. Thus, Figure 3-2(b) represents not the entire work-peace but rather a circular region
around the tool in the otherwise infinitely-long/wide work-piece.

During the FSW process

simulation, the material is prevented from flowing through the bottom face of the work-piece
computational domain (to mimic the effect of rigid work-piece backing plate).

Standard

convective boundary conditions are applied over free surfaces of the work-piece and the tool,
while enhanced convection boundary conditions are applied over the bottom face of the workpiece (to mimic the effect of enhanced heat extraction through the work-piece backing plate).
Work-piece/tool interactions are accounted for through the use of a penalty algorithm
within which the extent of contact pressure is governed by the local surface penetrations while
shear stresses are transferred via a “slip/stick” algorithm, that is shear stresses lower than the
frictional shear stress are transferred without interface sliding (otherwise interface sliding takes
place). The frictional shear stress is defined by a modified Coulomb law within which there is an
upper limit to the frictional shear stress (set equal to the shear strength of the work-piece
material). The frictional shear stress is then defined as a smaller of the product between the
static/kinetic friction coefficient and the contact pressure and the work-piece material shear
strength.
As mentioned earlier, both plastic deformation and frictional sliding are treated as heat
sources. To account for the fact that a small fraction of the plastic-deformation work is stored in
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the form of crystal defects, 95% of this work was assumed to be dissipated in the form of heat.
As far as heat generation due to frictional sliding is concerned, it is assumed that its rate scale
with the product of local interfacial shear stress and the sliding rate, and that 100% of this energy
is dissipated in the form of heat. Partitioning of this heat between the tool and the work-piece is
then computed using the appropriate thermal properties of the two materials.
As established earlier, the work-piece material in the nugget and TMAZ regions
experience large plastic deformations during FSW under these circumstances, the use of a
Lagrangian approach in which the finite-element mesh is attached to and moves with the material
may display serious numerical problems (due to excessive mesh distortion). To overcome this
approach, an Arbitrary Lagrangian Eulerian (ALE) formulation is used within which adaptive remeshing is carried out to maintain good quality mesh.
The fully-coupled thermo-mechanical problem dealing with FSW is solved using an
explicit solution algorithm implemented in ABAQUS/Explicit [3.44], a general purpose finite
element solver.

To keep the computational cost reasonable while ensuring stability and

robustness of the computational procedure, a mass scaling algorithm is used. This algorithm
adaptively adjusts material density in the critical finite elements without significantly affecting
accuracy of the computational results.
3.4.3. Material Models
Since the tool normally experiences relatively lower deformation during FSW, it is
modeled using a rigid material. Its density and thermal properties are set to that of AISI-H13,
hot-worked tool steel which is often used as a FSW-tool material.
The work-piece material is assumed to be isotropic, linear-elastic and strain-hardenable,
strain-rate sensitive, thermally softenable plastic material and is modeled using the Johnson-Cook
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material model [3.45]. Standard density and thermal properties for AA5083-H131 are used to
define the thermal-portion of the material model.
While in the original Johnson-Cook material model temperature is assumed to affect the
material strength through its effect on thermal activation of dislocation motion, exposure of the
nugget-zone material to large plastic deformations and high temperature during FSW is generally
found to result in dynamic recrystallization. Since this phenomenon is not accounted for in the
original Johnson-Cook model, a modified version of this model will be proposed in next section.
Essentially, in the modified Johnson-Cook model strain hardening is still assumed to be related to
the effective plastic strain,  pl , via a parabolic relation, B pln , where B and n are material
parameters. However,  pl is taken to be composed of two terms: one (positive) associated with
the operation of plastic deformation and the other (negative) resulting from the operation of
dynamic recrystallization.
3.5. Results and Discussions
3.5.1. Modification of the Johnson-Cook Material Strength Model
As mentioned earlier, the work-piece material AA5083-H131 is modeled using a modified
Johnson-Cook strain-hardening, strain-rate sensitive, temperature-softening yield-strength model.
Within the original Johnson-Cook model, the yield strength is defined as [3.45]:







 y  A  B( pl )n 1  C1 log(  pl / o pl ) 1  THm



(14)

where  pl is the equivalent plastic strain,  pl the equivalent plastic strain rate, o pl a reference
equivalent plastic strain rate, A the zero-plastic-strain, unit-plastic-strain-rate, room-temperature
yield strength, B the strain-hardening constant, n the strain- hardening exponent, C1 the strainrate constant, m the thermal-softening exponent and TH=(T-Troom)/(Tmelt-Troom) a room-
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temperature (Troom) based homologous temperature while Tmelt is the melting temperature. All
temperatures are given in Kelvin. A summary of the Johnson-Cook strength model parameters
for AA5083-H131 can be found in Table 1 in Ref. [3.5].
Within the original Johnson-Cook model, Eq. (14), temperature provides only a
reversible effect in promoting plastic deformation via thermal activation of dislocation glide and
climb. Simply stated, higher temperatures promote plastic yielding but, per se, are not considered
to (irreversibly) alter material microstructure/properties. However, as pointed out earlier, during
FSW, the work-piece material in the weld/stir zone becomes heavily plastically deformed and it
becomes generally subjected to temperatures very near, yet lower than, the material melting
temperature. Under these conditions, the material tends to undergo annealing at the same time as
it is being deformed plastically. In other words, the material in the stir/nugget region tends to
dynamically recrystallize, as a result of which the material strength/hardness (at high welding
temperatures, as well as, at the room temperature) is lowered relative to that in the base (H131
temper condition) material. This effect of temperature is not accounted for in the original
Johnson-Cook model.

Rather, only the effect of high temperatures on promoting plastic

deformation via thermal activation is taken in to account.
To overcome the aforementioned deficiency of the original Johnson-Cook model, a
modification is proposed to the differential equation governing the evolution of the equivalent
plastic strain.

In the original Johnson-Cook model [3.45], this evolution was governed by

simultaneously satisfying the Hooke‟s law, yield criterion and flow rule relations [3.5]. In this
way, only the effect of strain-hardening due to an increase in the dislocation density and the
resulting increase in the dislocation-motion resistance imposed by the surrounding dislocations is
taken into account.

To include the effects of dynamic recrystallization, a simple
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phenomenological-based relation for the additional (negative) component in the equivalent plastic
strain rate is proposed. This equation is based on the following physics-based arguments:
(a) Dynamic recrystallization is a thermally activated process and consequently the
correction term in the equivalent plastic strain evolution equation must contain a Boltzmann
probability term in the form exp(-Q/RT,) where Q is an activation energy while R is the universal
gas-constant.

In other words, the dynamic-recrystallization correction to the Johnson-Cook

strength model should be an Arrhenius-type function;
(b) Since the rate of recrystallization across various alloy systems appear to scale with the
dimensionless absolute-zero based homologous temperature, Th, (defined as the ratio of the
temperature and the melting temperature, both temperatures expressed in K), it is convenient to
replace Q/RT term in the Boltzmann probability relation with q/Th, where q is a dimensionless
activation energy; and
(c) Due to the fact that the rate at which material tends to recrystallize increases as the
amount of cold work is increased, q should be a decreasing function of the equivalent plastic
strain

 pl

.

Based on these arguments, the dynamic-recrystallization contribution to the evolution of
the equivalent plastic strain, can be expressed as:
 pl ,dyn _ rec  o, pl ,dyn _ rec e

 q ( pl ) / Th 

(15)

Where o, pl ,dyn _ rec is a dynamic-recrystallization frequency/pre-exponential term. An analysis of
the available experimental data pertaining to the kinetics of recrystallization of AA5083 [3.46]
showed that q scales inversely with

 pl

raised to a power of 2.9. Based on this finding and using

the curve-fitting results for the experimental recrystallization-kinetics data reported in Ref. [3.46],
it is found that Eq. (15) can be rewritten as:
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Figure 3-3. A comparison of the strength vs. equivalent plastic strain curves as predicted by the
original and the modified Johnson-cook strength models. The results are obtained under uniaxial
strain-rate of 0.001 s-1 and at three different homologous temperatures: (a) θ =0.3; (b) θ =0.9; (c)
θ=0.5

 pl , dyn _ rec  21.5e

1 /(  pl 2.9 Th )

(16)

The effect of Eq. (16) on modifying the behavior of AA5083 under simple uniaxial
tensile conditions is displayed in Figures 3-3(a)-(c). In Figure 3-3(a), it is seen that when Th is
relatively low (Th =0.3), the effects of dynamic recrystallization are small so that the material
strain hardens. In sharp contrast, when Th is relatively high (Th =0.9), the effect of dynamic
recrystallization is dominant so that despite extensive plastic deformation, the material undergoes
pronounced strain softening, Figure 3-3(b). In Figure 3-3(c), it is seen that when the effects of
strain hardening and dynamic recrystallization are comparable, at the intermediate values of Th
(Th =0.5), no significant change in material strength takes place during plastic deformation. The
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Figure 3-4. Experimental results [3.46] and the fitting curves pertaining to the recrystallization
kinetics in AA5083

Oscillating behavior of material strength seen in Figure 3-3(c) is a result of the competition and
the interaction between strain-hardening and dynamic recrystallization induced softening
processes. That is, softer material tends to harden at a high rate and, when the amount of plastic
strain in the work-piece becomes sufficiently large, the rate of dynamic-recrystallization becomes
high enough to bring the strength down. This type of oscillating-strength behavior is often a
signature of the undergoing dynamic-recrystallization process.
It should be recognized that the kinetics of recrystallization is generally described using
the so-called Johnson-Mehl-Avrami equation e.g. [3.47].

Within this equation, the volume

fraction of the material recrystallized, as a function of time, is given by a characteristic S-shaped
curve which starts from a non-zero annealing time (the incubation period), increases with a higher
and higher slope and, ultimately, the slope decreases as the volume fraction of the recrystallized
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material approaches unity, Figure 3-4. The inner steepest part of this curve generally covers the
major portion (80-90%) of the range of the recrystallized-material volume-fraction. Taking this
fact into account, the simple model proposed here assumes that the entire recrystallized-material
volume-fraction vs. time curve can be represented by its inner part and that this portion can be
linearized. The slope of this new linear function, on the other hand, is taken to be a function of
the temperature and the equivalent plastic strain. Eq. (16) is then obtained by assuming that
 pl ,dyn _ rec scales linearly with the rate of recrystallization.

To include the effects of dynamic recrystallization of the work-piece material on the
material evolution during FSW, the modified Johnson-Cook material model is implemented into a
user-material subroutine VUMAT.for and linked with ABAQUS/Explicit finite-element solver.
To validate the implementation of the material model, several FSW cases were analyzed. It is
found that when the effects of dynamic recrystallization are suppressed, the results (not shown for
brevity), based on the user-material model and the Johnson-Cook model (built in the
ABAQUS/Explicit) are essentially identical.
3.5.2 Representative Computational Results
In this section, examples of the typical results obtained in the fully-coupled finite element
investigation of the FSW process carried out in this work are presented and discussed. The finite
element analysis used allowed investigation of the effect of all the key FSW process parameters
on the temporal evolution and spatial distribution of various material-related quantities such as:
temperature, stress and strain components, equivalent plastic strain, local material strength,
material velocity, trajectory of tracer particles which reveal locations of the associated material
particles as they are passing through the circular region surrounding the rotating pin tool, etc. For
brevity, only few representative and unique results will be displayed and discussed in this section.
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Figure 3-5. Typical results pertaining to spatial distribution and temporal evolution of the equivalent
(d)
plastic strain during FSW: (a) zero-time step; (b) at the end of tool- insertion; (c) 7s afterwards; and
(d) 14s afterwards. Equivalent-plastic strain range: 0.0 (blue) to 50.0 (red)

Equivalent Plastic Strain Field
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An example of the typical results pertaining to spatial distribution and temporal evolution
of the equivalent plastic strain in the work-piece during FSW is displayed in Figures 3-5(a)-(d).
Simple examination of the results displayed in these figures and of the results obtained in the
present work (but not shown for brevity) reveals that:
(a) Depending on the FSW process conditions such as tool contact pressure, tool
rotational and translational speeds, equivalent plastic strains in a range between 20 and 50 are
observed;
(b) The highest equivalent plastic strains are always found in the work-piece material
right below the tool shoulder and equivalent plastic strains progressively decreased from this
region as a function of the distance in the radial and through-the-thickness directions;
(c) There is a highly pronounced asymmetry in the distribution of the equivalent plastic
strain relative to the initial location of the butting surfaces. This asymmetry is related to the
aforementioned differences in the material transport (at the advancing and the retreating sides of
the weld) from the region ahead of the tool to the region behind the tool; and
(d) As the tool Translational speed is decreased and the tool/work-piece contact pressure
is increased, higher equivalent plastic strains are observed and equivalent plastic strain
differences between the top and bottom surfaces of the work piece are reduced. This finding
suggests that under these FSW process conditions the extent of material stirring/mixing (which
plays a critical role in weld quality/joint-strength) is increased.
Material/Tracer Particle Trajectories
An example of the typical results pertaining to temporal evolution of the position of two
material particles (located initially in the through-the-thickness mid-plane of the work-piece) is
displayed in Figures 3-6(a)-(d). It should be noted that due to the ALE character of the finiteelement analysis used in the present work, the motion of the finite-element mesh is not
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Figure 3-6. Spatial location of two advancing-side material particles at four consecutive five-second
intervals
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Completely tied to the motion of the material. In fact, as seen in Figures 3-6(a)-(d), the mesh is
continuously re-meshed and, hence remains similar to the initial mesh, while material particles
continues to move. To observe the motion of material particles during FSW, the so-called “tracer
particles” option was used within ABAQUS/Explicit.

Simple examination of the results

displayed in Figures 3-6(a)-(d) and of the results obtained in the present work (but not shown for
brevity) reveals the following basic aspects of the FSW process:
(a) The material at the advancing side either simply passes over to the retreating side and
then simply passes through the weld-nugget zone (as represented by the red tracer-particle) or,
upon entering the stir/nugget zone, makes few cycles around the tool-pin and is co-stirred with
some of the retreating-side material to form the welded joint (as represented by the yellow tracerparticle);
(b) The work-piece material at the retreating side does not, for the most part, enter the stir
zone under the tool-shoulder and usually only flows around it; and
(c) The advancing-side material further away from the initial butting surfaces remains on
the advancing side and either enters the stir region on the advancing side or flows around it.
Temperature Field
An example of the typical results pertaining to spatial distribution of the work-piece
temperature in the work-piece during FSW is displayed in Figures 3-7(a)-(d).

The results

displayed in Figures 3-7(a)-(b) refer to the temperature distributions over the medial longitudinal
and medial transverse sections, respectively. Simple examination of the results displayed in these
figures and of the results obtained in the present work (but not shown for brevity) reveals that:
(a)

Depending on the FSW process conditions such as tool contact pressure, tool

rotational and travel speeds, temperatures in a range between 3500C and 4500C are obtained;
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(b)
Figure 3-7. Typical temperature distribution over one-half of the work-piece obtained by cutting
along: (a) the longitudinal; and (b) transverse directions: Maximum (red) = 400ºC; Minimum (blue)
= 25ºC

(b) The highest temperatures are always found in the work-piece material right below the
tool shoulder and temperatures are progressively decreased from this region as a function of the
distance in the radial and through-the-thickness directions;
79

(c) Temperature distribution in the transverse direction is clearly asymmetric and, in the
longitudinal direction, larger thermal gradients are observed in the regions in front of the tool;
(d) As the tool rotational speed and contact pressure are increased, higher temperatures
are observed and temperature differences between the top and bottom surfaces of the work piece
are reduced; and
(e) Typically plastic deformation contributes around 30% to the overall heat generation
(the remainder is associated with the frictional dissipation at the tool/work piece contact surfaces)
and the plastic-strain contribution increases slowly with an increase in the translational velocity
of the tool.
Residual Stress Field
As discussed earlier, friction stir welded components may contain significant levels of the
residual stresses both in the direction of welding (the longitudinal direction) and in the direction
normal to it (the transverse direction).

These residual stresses are caused by non-uniform

distributions in the extent of plastic deformations (as represented by the equivalent plastic strains)
and in temperature in different regions within the weld joint. Since the presence of residual
stresses can significantly affect the structural and environmental resistance/durability of welded
joints, it is critical that they are quantified and that their magnitudes and spatial distributions be
correlated with various FSW process parameters. While a comprehensive investigation of the
residual stress distribution as a function of the FSW process parameters is beyond the scope of the
present work, an effort was invested here to develop computational capabilities for such
investigations. Towards that end, the results of the FSW simulation are imported into the implicit
finite-element program ABAQUS/Standard and a quasi-static fully coupled thermo-mechanical
analysis is carried out. It should be noted that ABAQUS/Explicit is not suitable for this type of
investigation since it requires prohibitively long computational times. Within the quasi-static
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Figure 3-8. Variation of the: (a) longitudinal and (b) transverse residual stresses as a function of the
distance from the weld-line. Data pertaining to the advancing side of the weld joint are on the righthand side of the plot
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Fully-coupled thermo-mechanical analysis employed, the FSW tool is removed and the boundary
conditions are eliminated from the work-piece while temperature is progressively decreased down
to room temperature.
An example of the results pertaining to the distribution of longitudinal and transverse
residual stresses over a transverse sections of the work-piece are displayed in Figures 3-8(a)-(b),
respectively. Simple examination of the results displayed in these figures and of the results
obtained in the present work (but not shown for brevity) reveals that:
(a) Maximum longitudinal residual stresses are generally higher then their maximum
transverse counterparts by a factor of roughly two;
(b) The residual stresses typically increase in magnitude as the distance from the initial
portion of butting surfaces is reduced. However, in the innermost portion of the nugget, they tend
to decrease somewhat. This is clearly related to the effect of dynamic recrystallization which is
prevalent in this region; and
(c) Both the longitudinal and transverse residual stresses tend to increase with an increase
in the tool rotational and travel velocities.
3.5.3 Validation of Present Computational Approach
The results presented in the previous section (as well as the results obtained in the present
work but not shown) appear to be quite reasonable and in good qualitative agreement with their
experimental counterparts overviewed in Section II. However, if the computational approach like
the one developed here is to become an integral part of the FSW practice and help guide further
development and optimization of this metal-joining process, it must also demonstrate the needed
level of quantitative agreement with the experimental results/findings. To assess the ability of the
present computational approach to account for the experimentally measured FSW-related results,
selected computational results are compared with their experimental counterparts obtained in the
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work of Peel et al. [3.42]. The work carried out in Ref. [3.42] is quite comprehensive and
thorough and involves AA5083, the aluminum alloy investigated in the present work. While the
work of Peel et al. [3.42] yielded numerous results, only the following two sets of these results
could be directly compared with the finite-element based computational results obtained in the
present work: (a) variation of the longitudinal and transverse (normal) residual stresses as a
function of the distance from the weld line; and (b) variation of the room-temperature material
strength as a function of the distance from the weld line.
Residual Stress Distribution
A comparison between the present computed and the experimentally measured results
reported in Ref. [3.42] pertaining to variation of the longitudinal and transverse residual stresses
as a function of the distance from the initial location of the butting surfaces is displayed in
Figures 3-9(a)-(b). Two sets of computational results are presented: one based on the use of the
original Johnson-Cook material model while the other was based on the use of the solidified
Johnson-Cook model. Simple examination of the results presented in Figures 3-9(a)-(b) shows
that the results based on the modified Johnson-Cook model are in better agreement with the
experimental results. While some disagreement exists between the computational results based
on the modified Johnson-Cook model and the experimental results, the overall residual stress
distribution profile appears to be reasonably well reproduced by the present computational
analysis. Specifically:
(a) The residual stresses are compressive at larger distances from the weld-line at the
advancing side of the weld (the right-hand side in Figures 3-9(a)-(b));
(b) As one approaches the weld-line at the advancing side, the residual stresses first
increase in magnitude and then switch their character (i.e. becomes tensile), at a distance of 15-20
mm from the weld-line (at the advancing side);
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(c) In the innermost portion of the nugget, the tensile residual stresses tend to decrease
somewhat;
(d) As the distance from the weld-line increases on the retreating side, the stresses
gradually decrease toward zero; and
(e) The longitudinal residual stresses are generally higher than their transverse
counterparts.
Room-temperature Material Strength Distribution
A comparison between the present computed results (as predicted by the original and
modified Johnson-Cook strength models) and the experimentally measured results reported in
Ref. [3.42] pertaining to variation of the room-temperature material strength as a function of the
distance from the initial location of the butting surfaces is displayed in Figure 3-10. The results
displayed in this figure show that, while the quantitative agreement between the computed results
based on the modified Johnson-Cook model and the experimental results is only fair, the present
computational analysis correctly predicts the overall trend. This is quite encouraging considering
the fact that the results based on the original Johnson-Cook strength model (in which the effect of
dynamic recrystallization is neglected) incorrectly predict that the highest room-temperature
strength levels are located in the innermost region of the nugget zone (where the equivalent
plastic strain levels are also the highest).
3.6. Conclusions
Based on the work presented and discussed in the present work, the following main
summary remarks and conclusions can be made:
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Figure 3-9. Variation of the: (a) longitudinal and (b) transverse residual stresses as a function of the
distance from the weld-line. Data pertaining to the advancing side of the weld joint are on the righthand side of the plot
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1.

A brief overview of the processing/property/performance relations and the

fundamentals of heat and mass flow accompanying friction stir welding (FSW) is conducted.
2. A fully-coupled thermo-mechanical finite-element analysis of the FSW process and the
FSW-behavior of a solution-strengthened and strain-hardened aluminum alloy are carried out.
3. It was shown that the present computational procedure can account, qualitatively,
quite well for most of the experimental observations pertaining to the effect of various FSW
process parameters on the heat/material flow and the FSW-joint formation.
4. The results obtained further show that reasonable good quantitative agreement between
the model predictions and the experimental results pertaining to the spatial distribution of postwelding residual-stress and material-strength can be attained only if proper modifications in the
Frame 001  03 Jul 2009  | |

work-piece material strength model are made to include the effect of dynamic recrystallization.
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Figure 3-10. Variation of the room-temperature material strength as a function of the distance from
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CHAPTER 4
COMPUTATIONAL INVESTIGATION OF HARDNESS EVOLUTION DURING FRICTIONSTIR WELDING OF AA5083 AND AA2139 ALUMINUM ALLOYS

4.1. Abstract
A fully-coupled thermo-mechanical finite-element analysis of the Friction Stir Welding
(FSW) process developed in our previous work is combined with the basic physical metallurgy of
two wrought aluminum alloys to predict/assess their FSW behaviors. The two alloys selected are
AA5083 (a solid-solution strengthened and strain-hardened/stabilized Al-Mg-Mn alloy) and
AA2139 (a precipitation hardened quaternary Al-Cu-Mg-Ag alloy). Both of these alloys are
currently being used in military-vehicle hull structural and armor systems.
In the case of non-age-hardenable AA5083, the dominant microstructure
evolution processes taking place during FSW are extensive plastic deformation and dynamic re
crystallization of highly-deformed material subjected to elevated temperatures approaching the
melting temperature. In the case of AA2139, in addition to plastic deformation and dynamic
recrystallization, precipitates coarsening, over-aging, dissolution and re-precipitation had to be
also considered. Limited data available in the open literature pertaining to the kinetics of the
aforementioned microstructure-evolution processes are used to predict variation in the material
hardness throughout the various FSW zones of the two alloys. The computed results are found to
be in reasonably good agreement with their experimental counterparts.
4.2. Introduction
Recent efforts of the U.S. Army have been aimed at becoming more mobile, deployable,
and sustainable while maintaining or surpassing the current levels of lethality and survivability.
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Current battlefield vehicles have reached in excess of 70 tons due to ever increasing lethality of
ballistic threats which hinders their ability to be readily transported and sustained. Therefore, a
number of research and development programs are under way to engineer light-weight, highly
mobile, transportable and lethal battlefield vehicles with a target weight under 20 tons. To attain
these goals, significant advances are needed in the areas of light-weight structural- and armormaterials development (including aluminum-based structural/armor-grade materials).
Historically, aluminum alloy AA5083-H131 has been used in military-vehicle systems
such as the M1113 and the M109, in accordance with the MIL-DTL-46027J specification [4.1].
The main reasons for the selection of this alloy are its lighter weight, ease of joining by various
welding techniques, a relatively high level of performance against fragmentation-based threats,
and superior corrosion resistance.
To respond to the advent of more lethal threats, recently designed aluminum-armor based
military-vehicle systems, such as the M2 Bradley Fighting Vehicle, have relied on the use of
higher strength aluminum alloys, such as AA2139 [4.2],AA7039 [4.3], AA2219 [4.4] and
AA2519 [4.5]. These alloys provide increased ballistic protection against armor piercing (AP)
threats due to their higher strength. In addition, higher tensile strength levels offered by these
alloys are very desirable for vehicle-hull designs as they enable significant reductions in the
vehicle weight. However, these alloys also show some significant shortcomings primarily due to
their lower ease of weldability and inferior corrosion resistance in comparison to that observed in
AA5083-H131.
In the present work, a series of computational analyses is carried out in order to assess
and compare welding behavior of AA5083-H131 and one of the newer high-strength aluminum
alloys AA2139. Since these alloys are often welded using friction stir welding (FSW), the FSW
behavior of these two alloys is investigated in the present work.

94

Weld

Tool Shoulder

(a)
Weld Direction

Retreating Side

Tool Pin
Advancing Side

Tool Shoulder Width

(b)

TMAZ
HAZ

Weld Nugget

HAZ

Un-Affected Zone

Un-Affected Zone

Figure 4-1. (a) Retreating-(a) A schematic of the Friction Stir Welding (FSW) process; and (b) The
main microstructural zones associated with the typical FSW joint

95

Since its discovery in 1991 [4.6], FSW has established itself as a preferred joining
technique for aluminum components and its applications for joining other difficult-to-weld metals
is gradually expanding. Currently, this joining process is being widely used in many industrial
sectors such as shipbuilding and marine, aerospace, railway, land transportation, etc.
FSW is a solid-state joining process for metallic (and few polymeric) materials which is
generally employed in applications in which the original material microstructure/properties must
remain unchanged as much as possible after joining [4.6–4.8]. In this process, as shown in Figure
4-1(a), a rotating tool moves along the contacting surfaces of two rigidly butt-clamped plates. As
seen in this figure, the tool consists of a cylindrical pin which is threaded, at one end, and
equipped with a shoulder, at the other. Also, during joining, the work-piece (i.e. the two clamped
plates) is generally placed on a rigid backing support. At the same time, the shoulder is forced to
make a firm contact with the top surface of the work-piece. As the tool (rotates and) moves along
the butting surfaces, heat is being generated at the shoulder/work-piece and, to a lesser extent, at
the pin/work-piece contact surfaces, as a result of the frictional-energy dissipation. This, in turn,
causes an increase in temperature and gives rise to softening of the material adjacent to these
contacting surfaces. As the tool advances along the butting surfaces, thermally-softened material
in front of the tool is (heavily) deformed, extruded around the tool to the region behind the tool
and compacted/forged to form a joint/weld.
Relative to the traditional fusion-welding technologies, FSW offers a number of
advantages such as: (a) good mechanical properties in the as-welded condition; (b) improved
safety due to the absence of toxic fumes or the spatter of molten material; (c) no consumables
such as the filler metal or gas shield are required; (d) ease of process automation; (e) ability to
operate in all positions, (horizontal, vertical, overhead, orbital, etc.), as there is no weld pool; (f)
minimal thickness under/over-matching which
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reduces the need for expensive post-weld

machining; and (g) low environmental impact.

However, some disadvantages of the FSW

process have also been identified such as: (a) an exit hole is left after the tool is withdrawn from
the work-piece; (b) relatively large tool press-down and plates-clamping forces are required; (c)
lower flexibility of the process with respect to variable-thickness and non-linear welds; and (d)
often associated with lower welding rates than conventional fusion-welding techniques, although
this shortcoming is somewhat lessened since fewer welding passes are required.
When analyzing the FSW process, one often makes a distinction between the so-called
advancing side of the weld (the side on which the peripheral velocity of the rotating tool
coincides with the transverse velocity of the tool) and the retreating side (the side on which the
two velocities are aligned in the opposite directions). It is generally recognized that the
differences in the two weld sides give rise to asymmetry in heat transfer, material flow and weld
microstructure-properties [4.9].
FSW normally involves complex interactions and competition between various thermomechanical processes such as friction-energy dissipation, plastic deformation and the associated
heat dissipation, material transport/flow, dynamic recrystallization, local cooling, etc. [4.10-4.17].
Metallographic examinations of the FSW joints typically reveal the existence of the following
four zones, Figure 4-1(b): (a) an un-effected zone which is far enough from the weld so that
material microstructure/properties are not altered by the joining process; (b) the heat-affected
zone (HAZ) in which material microstructure/properties are effected only by the thermal effects
associated with FSW. While this zone is normally found in the case of fusion-welds, the nature of
the microstructural changes may be different in the FSW case due to generally lower
temperatures and a more diffuse heat source; (c) the thermo-mechanically affected zone (TMAZ)
which is located closer than the HAZ zone to the butting surfaces. Consequently both the thermal
and the mechanical aspects of the FSW affect the material microstructure/properties in this zone.
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Typically, the original grains are retained in this zone although they may have undergone severe
plastic deformation; and (d) the weld nugget which is the innermost zone of an FSW joint. As a
result of the way the material is transported from the regions ahead of the tool to the wake regions
behind the tool, this zone typically contains the so called “onion-ring” features. The material in
this region has been subjected to most severe conditions of plastic deformation and high
temperature exposure and consequently contains a very-fine dynamically-recrystallized (equiaxed
grain microstructure).
A unique feature of the FSW process is that heat transfer does not only take place via
thermal conduction but also via transport of the work-piece material adjacent to the tool from the
region in front to the region behind the advancing tool. In general both the heat and the mass
transfer depend on the work-piece material properties, tool geometry and the FSW process
parameters.

As mentioned earlier, mass transport is accompanied by extensive plastic

deformation and dynamic recrystallization of the transported material. The attendant strain rates
as high as 10 s-1 have been assessed/measured [4.18, 4.19].
The main FSW process parameters which affect both the weld quality and the process
efficiency are: (a) rotational and transverse velocities of the tool; (b) tool-plunge depth; (c) tool
tilt-angle; and (d) tool-design/material. Since, in-general, higher temperatures are encountered in
the case of higher rotational and lower transverse tool velocities, it is critical that a delicate
balance between these two velocities is attained. I.e. when the temperatures are not high enough
and the material has not been sufficiently softened, the weld zone may develop various
flaws/defects arising from low ductility of the material. Conversely, when the temperatures are
too high undesirable changes in the material microstructure/ properties may take place and
possibly incipient-melting flaws may be created during joining. To ensure that the necessary
level of shoulder/work-piece contact pressure is attained and that the tool fully penetrates the
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weld, the tool-plunge depth (defined as the depth of the lowest point of the shoulder below the
surface of the welded plate) has to be set correctly. Typically, insufficient tool-plunge depths
result in low-quality welds (due to inadequate forging of the material at the rear of the tool), while
excessive tool-plunge depths lead to under-matching of the weld thickness compared to the basematerials thickness. Tool rearward tilting by 2-4 degrees has been often found to be beneficial
since it enhances the effect of the forging process.
Over the last two decades, considerable experimental research efforts have been invested
towards providing a better understanding of the FSW joining mechanism and the accompanying
evolution of the welded-materials microstructure/ properties [e.g. 4.20-4.23] as well as to
rationalizing the effect of various FSW process parameters on the weld quality/integrity [e.g.
4.24-4.27]. It should be recognized, however, that the aforementioned experimental efforts were
able to only correlate the post-mortem welded-materials microstructure/properties with the FSW
process parameters and provided relatively little real-time insight into the physics of heat/mass
transfer and microstructure-evolution processes. As shown in our previous work [4.28], this
insight can be gained by carrying out a detailed physically-based computational investigation of
the FSW process.

A detailed review of the prior research efforts dealing with numerical

investigations of the FSW process reported in the public domain literature was conducted in our
previous work [4.28]. Hence, no overview of the prior computational FSW research efforts will
be presented here.
The main objective of the present work is to combine the fully-coupled thermomechanical finite-element analysis of the FSW process, developed in our previous work [4.28],
with the basic physical metallurgy of two wrought aluminum alloys to predict/assess their FSW
behaviors. The two alloys selected are AA5083-H131 (a solid-solution strengthened and strainhardened/stabilized Al-Mg alloy) and AA2139 (a precipitation hardened quaternary Al-Cu-Mg-
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Ag alloy). Both of these alloys are currently being used in military-vehicle hull structural and
armor systems. The operation and interaction of various microstructure-evolution processes
taking place during FSW (e.g. extensive plastic deformation, dynamic re crystallization, and
precipitates coarsening, over-aging, dissolution and re-precipitation) will be considered to predict
the material microstructure/properties in the various FSW zones of the two alloys.
The organization of the paper is as follows: The key physical-metallurgy aspects of the
two alloys (AA5083 and AA2139) are reviewed in Section 4.3. The fully-coupled thermomechanical analysis used in the computational investigation of the FSW process is presented in
Section 4.4. Development and parameterization of two hardness models one for AA5083 and the
other for AA2139 proposed within the present work and a comparison between the corresponding
computed results and their experimental counterparts are discussed in Section 4.5. The main
conclusions resulting from the present study are summarized in Section 4.6.

4.3. Physical Metallurgy of AA2139 and AA5083
4.3.1. AA5083-H131 Alloy: Microstructure and properties
Wrought aluminum alloys (AA) are divided into seven major classes according to their
principle alloying elements. The Al-Mg AA5xxx alloys possess high rollability, they are readily
available as plates and, due to their high corrosion resistance and relatively high strength and
good welding quality, they are often used in various structural and armor applications.
While often age-hardened Al-alloys (e.g. AA2139) are friction-stir welded, the
microstructure evolution of these alloys during FSW is expected to be substantially more
complex due to unstable nature of its precipitates (i.e. precipitates can coarsen, transform into
more stable precipitates, or undergo partial or complete dissolution during alloy exposure to high
temperature and can reappear upon cooling in different morphologies and number densities, and
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even precipitates with different crystal structures may appear). The non-age-hardenable AA5083
(nominal chemical composition: 4.5wt.% Mg, 0.25wt.% Cr, and 0.75wt.% Mn) is an Mg/Mn
solid-solution hardened alloy and, in addition, in its H131 temper state is cold-work hardened
and stabilized (to obtain a needed level of ageing/over-aging resistance).

While Al6Mn

precipitates are present in this alloy, due to aforementioned stabilizing heat-treatment, they are
relatively resistant to both dissolution and coarsening so that precipitate-portion of the material
microstructure can be taken as mainly unchanged during FSW.
It should be also noted that AA5083 is often used in aerospace and automotive industries
for production of structural components with highly complex shapes. In these cases, the alloy is
processed using super-plastic forming (a high-temperature, low-deformation-rate, low-formingpressure, open/close-die forming process). After relatively severe cold-working treatment, the
alloy is recrystallized. The presence of very fine Al6Mn precipitates promotes/stimulates grain
nucleation during the recrystallization process resulting in an ultra-fine grain microstructure.
Such microstructure enables plastic deformation by grain-boundary sliding and provides superplastic behavior to the material when deformed under low-deformation-rate/high-temperature
conditions. Since, the material residing in the nugget FSW region is normally subjected to very
high levels of plastid deformation and tends to recrystallize dynamically, one would expect
formation of a very fine grain-microstructure in this region.
4.3.2. AA2139 Alloy: Age Hardening Behavior
AA2139 is an age-hardenable quaternary Al-Cu-Mg-Ag alloy characterized by a high (410) Cu/Mg ratio whose chemical composition places it into the α (an Al-based solid solution), + S
(an Al-Cu-Mg based precipitate) and + θ (a Cu2Al based precipitate) equilibrium phase region.
Ag additions are found to promote formation of metastable Ω precipitates during artificial aging
over other competing precipitates such as S‟ and θ‟ [e.g. 4.30]. Since Ω precipitates tend to form
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on {111) α planes (the slip planes in the Al-based alloys) they tent to impart the highest levels of
strength to these alloys. [e.g. 4.31-4.35]
It is well established that during aging of Al-Cu-Mg-Ag alloys the following sequence of
formation of metastable and stable precipitates is followed [e.g. 4.30,4.36]:
GP- zones -> θ” -> θ‟ + Ω -> θ‟ + S‟ -> S + θ
Where GP-zones stands for the Guinier-Preston zones, i.e. the clusters of Cu atoms on
{100)α planes which form in the earliest stages of aging of the supersaturated α solid solution. It
is also well established that high Cu/Mg ratios in these alloys tend to enhance relative stability of
the Ω-phase with respect to that of the competing S‟ phase [e.g. 4.30, 4.36]. This finding is
highly critical since, the best overall combination of mechanical properties in AA2139 is
associated with the presence of Ω-phase precipitates.
Detailed microstructural investigations of the Ω-phase precipitates in AA2139 and related
alloys over the last ten years have established the following defining features of this
microstructural constituent:
(a) Ω-phase precipitates form coherently within the α -solid-solution with (111)α planes
acting as the habit planes;
(b) The crystal structure of this phase has been determined as being an Al2Cu-base
orthorhombic structure [4.32,4.34,4.37];
(c) The Ω phase tends to precipitate mainly in a homogeneous manner throughout the
grain interior and predominantly in dislocation-free regions;
(d) Maximum temperature at which Ω phase can still exist is about 250 °C [4.38]; and
(e) Ω-phase precipitates are most often present in hexagonal plate-like form with a
typical thickness and in-plane dimensions of 2-3nm and 100-200nm, respectively [4.304.34,4.37,4.,39,4.40].
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In addition to Ω-phase precipitates, the AA2139 alloy, in an in the peak age-hardened
temper condition, also contains θ‟-phase precipitates.

Detailed examination of this type of

precipitates over the last ten years established the following [e.g. 4.45]:
(a) These precipitates mainly form on (100)α habit planes. [4.33,4.41];
(b) The θ‟-phase precipitates are most often of octagonal-platelet or ellipsoidal shapes
and their size is comparable to that of the Ω-phase precipitates [4.42,4.43];
(c) The θ‟ phase possesses a body-centered tetragonal crystal structure; and
(d) Since S‟ precipitates are semi-coherent with the α-matrix, they tend to preferentially
form on dislocations and low-angle grain boundaries [4.32,4.44].
While Ω-phase and θ‟-phase precipitates can normally co-exist in the AA2139-type of
alloys, replacement of the Ω-phase precipitates with S‟-phase precipitates (after prolonged aging)
is of major concern. That is, as S‟-phase precipitates form and gradually evolve into S-phase
precipitates, they tend to take away Mg-Ag co-clustering surrounding Ω-phase precipitates
leading to gradual dissolution of the Ω-phase precipitates [4.36]. Numerous investigations of the
S‟-phase precipitates in AA2139 and related alloys revealed the following defining features of
this microstructural constituent:
(a) The S‟-phase precipitates tend to form both heterogeneously on dislocations and
homogeneously throughout the grain interior [4.34];
(b) They generally appear as laths and are sometimes associated with (120)α habit planes
[4.32]; and
(c) The average S‟-phase precipitate size is generally comparable to that of the Ω-phase
and θ‟-phase precipitates, [4.34].
In addition to the metastable and stable precipitates mentioned above whose formation is
driven by the thermodynamic driving forces to reduce the extent of super saturation from the as-

103

quenched α-phase solid solution, fine-scale Mn- or Zr-rich dispersoids are also present in
AA2139 type alloys. These dispersoids are result of relatively low solubility of Mn and Zr in Al
and tend to form (and, hence, to survive) at substantially higher temperatures than the
aforementioned precipitates. Typically the so-called T-phase dispersoids are found in AA2139.
The main defining features of this phase are:
(a) Its stoichiometric formula is Al20Mg2Mn3 [4.34];
(b) The T phase possesses an orthorhombic crystal structure [4.34];
(c) It is mainly present in a rod form with the rod length between 50 and 500nm [4.30];
(d) While finer T-phase dispersoids generally lead to higher static strength levels in the
AA2139-type alloys, coarser T-phase dispersoids tend to improve strain-localization resistance
and, thus, improve dynamic strength of the material [4.30]; and
(e) While both Zr and Mn tend to promote formation of the T-phase dispersoids, Mn
generally yields coarser dispersoids and is, hence, a preferred alloying element from the
standpoint of achieving improved dynamic strength in AA2139.
4.4. Computational Analysis of the FSW Process
As mentioned earlier, modeling of the FSW process carried out in the present work
employed the fully-coupled thermo-mechanical finite-element procedure developed in out prior
work [4.28]. Since a detailed account of the procedure was provided in Ref. [4.28], only a brief
overview of it will be presented in the remainder of this section.
4.4.1. Computational Domain
The computational domain used consists of a (40.0mm-radius, 3.0mm thickness) circular
plate (with a concentric through-the-thickness 3.0mm-radius circular hole) and a two-part tool (
consisting of a 3.0mm-radius, 3.0mm-length solid right circular cylinder, at the bottom, and a
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9.0mm-radius, 3.0mm-thickness circular-plate section, on the top), Figures 4-2(a)-(b). The
computational domain is meshed using ~20,000 first-order eight-node reduced-integration
hexahedral thermo-mechanically coupled solid elements (the meshed model is not shown for
brevity).
4.4.2. Computational Algorithm
The FSW process is analyzed computationally using a fully-coupled thermo-mechanical
finite-element algorithm within which heat dissipation associated with plastic deformation and
tool/work-piece interfacial friction-sliding is treated as a source in the governing thermal equation
while the effect of temperature on the mechanical response of the work-piece material is taken
into account through the use of a temperature-dependent work-piece material model.
The analysis is carried out by prescribing from the onset a constant rotational velocity
and a constant downward pressure to the tool. Instead of assigning a travel velocity to the tool
along the (postulated) butting surfaces of the work-piece, the work-piece material is forced to
move through the work-piece computational domain at the same velocity but in the opposite
direction. Thus, Figure 4-2(b) represents not the entire work-peace but rather a circular region
around the tool in the otherwise infinitely-long/wide work-piece.

During the FSW process

simulation, the material is prevented from flowing through the bottom face of the work-piece
computational domain (to mimic the effect of rigid work-piece backing plate), standard
convective boundary conditions are applied over free surfaces of the work-piece and the tool
while enhanced convection boundary conditions are applied over the bottom face of the workpiece (to mimic the effect of enhanced heat extraction through the work-piece backing plate).
Work-piece/tool interactions are accounted for through the use of a penalty algorithm
within which the extent of contact pressure is governed by the local surface penetrations while
shear stresses are transferred via a “slip/stick” algorithm, that is shear stresses lower than the
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Figure 4-2. Geometrical models with dimensions for the: (a) FSW tool; and (b) FSW work-piece

frictional shear stress are transferred without interface sliding (otherwise interface sliding
takes place). The frictional shear stress is defined by a modified Coulomb law within which there
is an upper limit to this quantity (set equal to the shear strength of the work-piece material). The
frictional shear stress is then defined as a smaller of the product between the static/kinetic friction
coefficient and the contact pressure, on one hand, and the work-piece material shear strength, on
the other.
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As mentioned earlier, both plastic deformation and frictional sliding are treated as heat
sources. To account for the fact that a small fraction of the plastic-deformation work is stored in
the form of crystal defects, 95% of this work was assumed to be dissipated in the form of heat.
As far as heat generation due to frictional sliding is concerned, it is assumed that its rate scale
with the product of local interfacial shear stress and the sliding rate, and that 100% of this energy
is dissipated in the form of heat. Partitioning of this heat between the tool and the work-piece is
then computed using the appropriate thermal properties of the two materials.
As established earlier, work-piece material in the nugget and TMAZ regions experience
large plastic deformations during FSW under these circumstances, the use of a Lagrangian
approach in which the finite-element mesh is attached to and moves with the material may
display serious numerical problems (due to excessive mesh distortion).

To overcome this

approach, an Arbitrary Lagrangian Eulerian (ALE) formulation is used within which adaptive remeshing is carried out to maintain good quality mesh.
The fully-coupled thermo-mechanical problem dealing with FSW is solved using an
explicit solution algorithm implemented in ABAQUS/Explicit [4.47], a general purpose finite
element solver.

To keep the computational cost reasonable while ensuring stability and

robustness of the computational procedure, a mass scaling algorithm is used. This algorithm
adaptively adjusts material density in the critical finite elements without significantly affecting
accuracy of the computational results.
4.4.3. Material Models
Since the tool normally experiences relatively lower deformation during FSW, it is
modeled using a rigid material. Its density and thermal properties are next set to that of AISIH13, a hot-worked tool steel, frequently used as the FSW-tool material.
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The work-piece material is assumed to be isotropic, linear-elastic and strain-hardenable,
strain-rate sensitive, thermally softenable plastic material and is modeled using Johnson-Cook
material model [4.48]. Standard density and thermal properties for AA5083 and AA2139 alloys
are used to define the thermal-portion of the material model.
While in the original Johnson-Cook material model temperature is assumed to affect the
material strength through its effect on thermal activation of dislocation motion, nugget zone
material exposure to high temperature during FSW is found to result in dynamic recrystallization
since this phenomenon is not accounted for in the original Johnson-Cook model , a modified
version of this model was proposed in our prior work [4.28]. Essentially, strain hardening is still
assumed to be related to the effective plastic strain,  pl , via a parabolic relation, B pln , where B
and n are material parameters. However,  pl is taken to be composed of two terms: one
(positive) associated with the operation of plastic deformation and the other (negative) resulting
from the operation of dynamic recrystallization.
4.4.4. Typical Results
In this section a few typical FSW process simulation results are presented and briefly
discussed.
Equivalent Plastic Strain Field
An example of the typical results pertaining to spatial distribution and temporal evolution
of the equivalent plastic strain in the work-piece during FSW is displayed in Figures 4-3(a)-(d).
Simple examination of the results displayed in these figures and of the results obtained in the
present work (but not shown for brevity) reveals that:
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(a)
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(c)

Figure 4-3. Typical results pertaining to spatial distribution and temporal evolution of the equivalent
plastic strain during FSW: (a) zero-time step; (b) at the end of tool-insertion; (c) 7s afterwards; and
(d) 14s afterwards. Equivalent-plastic strain range: 0.0 (blue) to 50.0 (red)
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(a) Depending on the FSW process conditions such as tool contact pressure, tool
rotational and translational speeds, equivalent plastic strains in a range between 20 and 50 are
observed;
(b) The highest equivalent plastic strains are always found in the work-piece material
right below the tool shoulder and equivalent plastic strains progressively decreased from this
region as a function of the distance in the radial and through-the-thickness directions;
(c) There is a highly pronounced asymmetry in the distribution of the equivalent plastic
strain relative to the initial location of the butting surfaces. This asymmetry is related to the
aforementioned differences in the material transport (at the advancing and the retreating sides of
the weld) from the region ahead of the tool to the region behind the tool; and
(d) As the tool Translational speed is decreased and the tool/work-piece contact pressure
is increased, higher equivalent plastic strains are observed and equivalent plastic strain
differences between the top and bottom surfaces of the work piece are reduced. This finding
suggests that under these FSW process conditions the extent of material stirring/mixing (which
plays a critical role in weld quality/joint-strength) is increased.
Nodal Velocity Field
The distribution of nodal velocities at the outer surfaces of the work-piece at two
different times (0.0s and 0.5s) is displayed in Figures 4-4(a)-(b). For clarity, the tool is not
shown. These figures clearly show that the initially assigned unidirectional velocity field in the
direction of welding, quickly transforms into the velocity field in which there is a well-defined
stir region right below the shoulder (within which the material circles around the pin) and the
remainder of the field (within which the material tends to flow around the stir region). A
comparison of the results displayed in Figures 4-4(a)-(b) clearly shows how the region
underneath the tool shoulder which is initially unfilled becomes filled as FSW proceeds (please
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Figure 4-4. A typical nodal-velocity field associated with friction stir welding: (a) the initial state; (b)
the fully developed state

note an increase in the work-piece hole upper-rim altitude). Once the space under the
shoulder is fully filled it remains filled as the FSW process continues. The material in this region
is constantly being refreshed as the tool advances in the welding direction
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Material/Tracer Particle Trajectories
The results displayed in Figures 4(a)-(b) show the spatial distribution and temporal
evolution of the nodal velocities. It should be noted that due to the Arbitrary-Lagrangian Eulerian
(ALE) character of the finite-element analysis used in the present work, the motion of the finiteelement mesh is not completely tied to the motion of the material. Thus the results displayed in
Figures 4-4(a)-(b) show the velocities of the material particles which at that moment pass through
the nodal points in question. However at different times different material particles are associated
with the same nodes. To observe material extrusion around the tool pin and its forging at the tool
wake, it is more appropriate to construct and analyze material-particle trajectories. This is
possible within ABAQUS/Explicit through the use of so-called “tracer particles” which are
attached to the material points (and not to the mesh nodal points).
An example of the prototypical results pertaining to the trajectory of retreating-side and
advancing-side tracer particles is displayed in Figures 4-5(a)-(b), respectively.

The tracer

particles displayed in these figures are initially located in a plane which is halfway between the
top and bottom surfaces of the work-piece. For improved clarity, tracer-particle trajectories are
color coded. The results displayed in Figures 4-5(a)-(b) clearly revealed the following basic
aspects of the FSW process:
(a) The work-piece material at the retreating side (as represented by the yellow and green
tracer-particle trajectories, Figure 4-5(a)), does not, for the most part, enter the stir zone under the
tool-shoulder and usually only flows around it;
(b) The material at the advancing side (as represented by the white and cyan tracerparticle trajectories, Figure 4-5(b)), which is initially close to the butting surfaces, passes over to
the retreating side and is co-stirred with some of the retreating-side material to form the welded
joint; and
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Figure 4-5. (a) Retreating-side and (b) advancing-side tracer-particle typical trajectories

(c) The advancing-side material further away from the initial butting surfaces remains on
the advancing side and either enters the stir region on the advancing side or flows around it.
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4.5. MATERIAL MICROSTRUCTURE/HARDNESS EVOLUTION
4.5.1. Qualitative Analysis of Hardening Mechanisms Within the FSW Joint
AA5083
Based on the discussion regarding the microstructure/property relations in AA5083
presented earlier in Section II.1, the following strengthening mechanisms are expected to be
present in this alloy: (a) solid solution strengthening; (b) strain hardening; and (c) grain-size
refinement. Relative importance of these mechanisms within the four weld-zones (e.g. the weld
nugget, the TMAZ, the HAZ and the base material) is discussed in the remainder of this section.
Solid Solution Strengthening: This hardening mechanism is present in all four weld-zones and its
contribution to the material hardness is expected to be fairly uniform across the entire weld
region.
Strain Hardening: When AA5083 is in a H131 temper condition, strain hardening mechanism
provides a contribution to the material hardness in the base-metal zone which is larger than the
contributions of the other two mechanisms.

In the HAZ, some annealing will take place.

However, since this annealing is primarily due to recovery or polygonization, the contribution of
strain hardening to the material hardness in this region will remain quite comparable to that in the
base metal region. The contribution of strain hardening to the overall material hardness in the
TMAZ is expected to increase since the material in this region typically experiences significant
levels of plastic deformation. In the weld nugget region, material microstructure and properties
are dominated by dynamic recrystallization and, hence, the contribution of strain hardening to the
overall material hardness in this region is minimal.
Grain Size Refinement: Since, to a first order approximation, the average grain size does not
change between the base-metal zone, the HAZ and the TMAZ, the contribution of this
strengthening mechanism to the overall material strength is expected to be comparable in these
115

three weld-zones. On the other hand, dynamic recrystallization yields a very fine grain structure
within the nugget zone so that the overall contribution of the grain-refinement mechanism to the
material hardness is expected to be largest in this weld zone.
AA2139
Based on the discussion regarding the microstructure/property relations in AA2139
presented earlier in Section II.2, the following strengthening mechanisms are expected to be
present in this alloy: (a) precipitation hardening; (b) strain hardening; and (c) grain-size
refinement.

Relative importance of the strain hardening and the grain-size refinement

mechanisms within the four weld-zones was discussed earlier in the context of AA5083. The
main points made at that time are equally valid in the case of AA2139. As far as the role of the
precipitation hardening mechanism in AA2139 is concerned, the following main observations can
be made. When AA2139 T8 (quenched + cold-worked + artificially-aged) temper condition,
precipitation hardening provides a contribution to the material hardness in the base-metal zone
which is larger than the contributions of the other two mechanisms. In general, material exposure
to high-temperatures within the remaining three main weld-zones causes over-aging and the
associated loss in material strength. This loss increases in its extent as one approaches the
original weld-line, i.e. as one moves through the HAZ, then through the TMAZ and ultimately
through the weld nugget.
4.5.2. Simple Models and Parameterization for Hardening Mechanisms within the FSW Joint
AA5083
The following simple model for the hardness of AA5083, H, is proposed in the present
work:
H  H C (c) 

Hd
d

1

2

 H  n

(1)

116

where the three terms on the right hand side of Eq. (1) represent respectively the contributions of
solid-solution strengthening, grain-size refinement and strain-hardening to material hardness, C is
the alloying elements content, d the average grain size and  the equivalent plastic strain while
H C , H d , H  and n are the hardness model parameters.

In accordance with the previous discussion, solid-solution hardness parameter HC is
considered as constant throughout all four zones of the weld. Using the hardness data for fullyannealed coarse grained AA5083 [4.49] (in which the contributions of grain-size refinement and
strain-hardening are minimal) HC is assessed as 410MPA.
The grain-refinement hardening term in Eq. (1) is written in accordance with the HallPetch relation [4.50]. Using the results regarding grain-size dependence of hardness in fullyannealed AA5083 [4.51], H d is evaluated as 340MPa
The last term on the right-hand side of Eq. (1) is modeled as a parabolic strain-hardening
law [4.48]. A linear regression analysis of the strain-hardening data reported in Ref. [4.52],
yielded H d =620MPa and n=0.23.
AA2139
To account for the precipitation-hardening effects in AA2139, hardness in this alloy is
modeled as:
H  [ HO  H PA(1   )] 

Hd
d

1

2

 H  n

(2)

Where the first term on the right hand side of Eq. (2) represents the contribution of precipitation
hardening, HO and H PA are hardness levels in the over-aged condition and hardness increment
at the peak-aged condition respectively and  is the extent of over-aging. Using the available
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data for hardness variation during aging heat treatments [4.53], HO and H PA are assessed as
420MPa and 790MPa, respectively.
Due to a lack of available data in the open literature pertaining to the effect of grain-size
refinement and strain-hardening on the hardness in AA2139, the hardness-model parameters for
these two strengthening mechanisms are set equal to their AA5083 counterparts reported above.
Furthermore, the contribution of solid-solution strengthening to the hardness of AA2139 is
neglected since it is expected to be small in comparison to the contributions associated with the
other three strengthening mechanisms.
4.5.3. Material State-variable Evolution Equations
Based on the discussion regarding the microstructure/property relations in AA5083
presented earlier in Section II.1, the following strengthening mechanisms are expected to be
present in this alloy: (a) solid solution strengthening; (b) strain hardening; and (c) grain-size
refinement. Relative importance of these mechanisms within the four weld-zones (e.g. the weld
nugget, the TMAZ, the HAZ and the base material) is discussed in the remainder of this section.
In the previous section, the two hardness models (one for AA5083 and the other AA2139) were
parameterized. Within these models, the state of the material microstructure was represented by
three state variables: (a) the degree of over-aging,  , (applicable only in case of AA2139); (b)
the average grain-size, d; and (c) the equivalent plastic strain,  . To apply Eqs. (1)-(2), i.e. to
compute material hardness at different locations within the weld, one must compute the final
values of these three state variables. This is done for each material point by integrating, over the
entire thermo-mechanical history, the appropriate evolution equations (provided below) for the
three state variables starting from their initial values (in the base-metal before welding).
Degree of Over-aging

118

Starting with a simple inverse exponential law for the temporal evolution of the extent of overaging under isothermal conditions,   e

 t

0

, where t is time and  0 a temperature-dependent

relaxation time. Carrying out the appropriate chain-rule differentiation and simplification, the
following evolution equation for the degree of over-aging is proposed:
 C1

C2
d
 e 1
dt
1  THm

Where

0    1.0

0  TH  1.0

is

a

room/melting

(3)
temperature

based

homologous

temperature,

TH  (T  TRoom ) /(TMelt  TRoom ) and C1 , C 2 and m are material parameters. Using available aging

kinetics data at different temperatures [4.2] C1 , C 2 and m are assessed as 0.8, 0.00035 and 9.6,
respectively.
It should be noted that within the present model for material over-aging, this phenomenon
is assumed to be solely controlled by material exposure to high temperatures while the potential
effect of plastic deformation on the over-aging kinetics is treated as a second-order effect and,
hence, ignored.
Grain-Size Evolution Function
Grain-size evolution is assumed to be controlled by collective contributions of plastic
deformation and dynamic-recrystalization processes. Plastic deformation does not per-se alter the
grain size but creates dislocations which rearrange themselves into low-angle grain boundaries to
form sub-grains.

As new dislocations are generated and incorporated into the sub-grain

boundaries, mis-orientation between the sub-grains increases. At some point, the degree of misorientation becomes large enough to convert a sub-grain into a grain (with large-angle grain
boundaries) which then begins to consume the surrounding sub-grains until it encounters another
“recrystallized” grain. The rate of dislocation incorporation into the sub-grain boundaries and the
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rate of growth of “recrystallized” grains are thermally-activated, i.e. they depend on temperature
via an Arrhenius type relation. Taking all this into account, and following a procedure similar to
that employed in the case of over-aging, the following grain-size evolution law is proposed here:
C p
dd
 (1  e C3d ) 4 q
dt
1  TH

(4)

where d is the average grain-size and C 3 , C 4 , p and q are material parameters. Using available
recrystallization kinetics data at different temperatures [4.54] C 3 , C 4 , p and q are assessed as
0.00051/μm, 0.24 μm /s, 0.71 and 0.97, respectively.
Equivalent Plastic Strain Evolution Function
The equivalent plastic-strain used in the present work is identical to the one developed in
our recent work [4.28]. Since a detail account of the derivation procedure for this equation can be
found in Ref. [4.28], only a brief overview of this procedure will be provided in the remainder of
this section.
In the absence of dynamic-recrystallization effects, evolution of the equivalent plastic
strain is determined by simultaneously satisfying the Hooke‟s law, yield criterion and flow rule
relations, at each material point during each time increment [4.28]. In this way, only the effect of
strain-hardening due to an increase in the dislocation density and the resulting increase in the
dislocation-motion resistance imposed by the surrounding dislocations on the material
hardness/strength is taken into account. To include the effects of dynamic-recrystallization when
dynamic-recrystallization accompanies plastic deformation, the equivalent plastic strain evolution
equation has to be modified to include the associated annealing effects. In other words, an
additional (negative) equivalent plastic strain rate term has to be used to account for the dynamicrecrystallization effects. This additional term is based on the following physics-based arguments:
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(a) Dynamic recrystallization is a thermally activated process and consequently the
correction term in the equivalent plastic strain evolution equation must contain a Boltzmann
probability term in the form exp(-Q/RT), where Q is an activation energy while R is the universal
gas-constant. In other words, the dynamic-recrystallization correction term in the equivalent
plastic strain evolution equation should be an Arrhenius-type function;
(b) Since the rate of recrystallization across various alloy systems appear to scale with the
previously defined homologous temperature, Th, this term was replaced with Q/RT term in the
Boltzmann probability relation with q/Th, where q is a dimensionless activation energy; and
(c) Due to the fact that the rate at which material tends to recrystallize increases as the
amount of cold work is increased, q was set to be a decreasing function of the equivalent plastic
strain  .
Based on these arguments, the dynamic-recrystallization contribution to the evolution of
the equivalent plastic strain, was expressed as:
 pl ,dyn _ rec  o, pl ,dyn _ rec e

 q ( pl ) / Th 

(5)

where o, pl ,dyn _ rec is a dynamic-recrystallization frequency/pre-exponential term. An analysis of
the available experimental data pertaining to the kinetics of recrystallization of AA5083 [4.28]
showed that q scales inversely with

 pl

raised to a power of 2.9. Based on this finding and using

the curve-fitting results for the experimental recrystallization-kinetics data reported in Ref. [4.54],
it is found that Eq. (5) can be rewritten as:
 pl ,dyn _ rec  21.5e

1 /(  pl 2.9Th )

(6)

4.5.4. Computational Results and Comparison with the Experimental Counterparts
The models for the evolution of material hardness (as well as that for the evolution of the
material average grain size) are used in conjunction with the FSW process analysis results
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(provides the required thermo-mechanical history input, i.e. the temporal variation of temperature
and equivalent plastic strain of the material points within the weld) to compute variations in the
material hardness and grain-size across the four weld zones. These results are next compared
with their experimental counterparts in-order to help validate the models developed in the present
work.
AA5083
Variation of the material hardness measured transversely across the friction stir weld over
the top surface of the work-piece consisting of AA5083-H131 plates on both sides of the joint is
displayed in Figures 4-6(a)-(b). The results displayed in these two figures correspond to two
different welding tool traverse speeds: (a) Figure 4-6(a) 100mm/min; and (b) Figure 4-6(b),
150mm/min, while the tool rotation speed, shoulder diameter and threaded pin diameter are kept
constant at 350rpm, 18mm and 5mm, respectively.
For comparison, the corresponding experimental results obtained in Ref. [4.55] are also displayed
in Figures 4-6(a)-(b). Since the original hardness results reported in Ref. [4.55] were given using
Vicker‟s hardness units, they were converted using the known indentation loads and indentor
geometry data to the SI stress units before including in these figures.
Simple examination of the results displayed in Figures 4-6(a)-(b) shows that:
(a) The present hardness model yields a physically realistic variation in material hardness
across the FSW joints, i.e. the computed hardness profiles clearly delineate the four different
weld zones.
(b) As far as the quantitative agreement between the present computed results and their
counterparts from Ref. [4.55] is concerned, it can be characterized as being good to fair. There
may be many reasons for the observed discrepancy: (i) the functional relations used to describe
the contribution of various mechanisms to material hardness can be further improved;
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Figure 4-6. A comparison between the computed and the experimental hardness (transverse) profiles
over the top surface of the 5083 work piece. Please see the text for details regarding the friction stir
weld parameters associated with the results displayed in (a) and (b). Data pertaining to the
advancing side of the weld joint are on the right-hand side of the plot
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(ii) available experimental data used for model parameterization were relatively scarce and came
from different sources; and (iii) potential inaccuracies associated with hardness measurements in
Ref. [4.55].
In Figure 4-7, a comparison is made between the grain-size results obtained in the present
computational analysis and their experimental counterparts obtained in Ref. [4.56]. Considering
the fact that not all the FSW process parameters were specified in Ref. [4.56], one should be
encouraged by the level of agreement observed in Figure 4-7 between the computed and the
experimentally measured results.
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Figure 4-7. A comparison between the computed and the experimental grain-size profiles over the
top surface of the 5083 work piece. Data pertaining to the advancing side of the weld joint are on the
right-hand side of the plot
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AA2139
A comparison of the computed results (pertaining to the hardness variation in a direction
transverse to the original weld line) and their experimental counterparts obtained in Ref. [4.57] in
the case of two friction-stir-welded AA2139 plates is displayed in Figures 4-8(a)-(c). The results
displayed in Figures 4-8(a)-(c) correspond respectively to the hardness measurements over the top
surface of the work piece, intermediate surface of the work piece and over the bottom surface. In
all three cases the same FSW process parameters (welding speed: 100mm/min; tool rotational
speed: 350rpm; shoulder diameter: 18mm: pin diameter: 5mm) were used.
Simple examination of the results displayed in Figures 4-8(a)-(c) shows that as in the case of
AA5083, the present hardness model provides physically-realistic hardness profiles in a direction
transversely oriented with respect to the weld (at different locations through the thickness of the
work-piece) and that the computational/experimental agreement is good to fair.
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Figure 4-8. A comparison between the computed and the experimental hardness profiles over a
transverse cut through the 2139 work piece weld: (a) top surface of the work piece; (b) a half-way
through the thickness section; and (c) the bottom surface of the work piece. Please see the text for
details regarding the friction stir welding parameters. Data pertaining to the advancing side of the
weld joint are on the right-hand side of the plot
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Figure 4-9. A comparison between the computed and the experimental grain-size profiles over the
top surface of the 2139 work piece. Data pertaining to the advancing side of the weld joint are on the
right-hand side of the plot.

A comparison of the computed variation in the average grain-size across the FSW joint and its
experimental counterpart obtained in Ref. [4.58] is displayed in Figure 4-9. These results pertain
to the top surface of the work-piece. Simple examination of the results displayed in Figure 4-9
shows that the computation/experiment agreement is comparable to that obtained in the case of
AA5083 (i.e. the agreement is acceptable).
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4.6. Summary and Conclusions
Based on the work presented and discussed in the present work, the following main
summary remarks and conclusions can be made:
1. A brief overview is provided of the key physical metallurgy aspects of AA5083 (a
solid-solution strengthened and strain-hardened/stabilized Al-Mg-Mn alloy) and AA2139 (a
precipitation hardened quaternary Al-Cu-Mg-Ag alloy).
2. Simple mathematical models are developed and parameterized for the hardness
evolution within various friction-stir weld zones (e.g. the weld nugget, the thermo-mechanically
affected zone and the heat affected zone) for the two alloys in question.
3.

Integration of the hardness and grain-size evolution equations over the thermo-

mechanical history of various material points within the weld yielded a hardness/grain-size
profile (one for each alloy) in a direction transverse to the weld line. The thermo-mechanical
history information was obtained by carrying out a fully-coupled thermo-mechanical finiteelement analysis of the Friction Stir Welding (FSW) process.
4. A comparison of the computed hardness and grain-size profiles with their experimental
counterparts showed that the proposed approach can account qualitatively quite well for the
measured behavior while quantitative agreement between the computed and experimental results
is only fair.
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CHAPTER 5
FINAL DISCUSSION AND SUMMARY
5.1. General Discussion and Concluding Remarks
Within the present work, a comprehensive fully-coupled thermo-mechanical finiteelement computational investigation of friction stir welding (FSW) of a prototypical solidsolution strengthened and strain hardened aluminum alloy AA5083 and a prototypical agehardened aluminum alloy AA2139 is carried out.
To investigate the FSW process, a fully-coupled thermo-mechanical finite-element
analysis was utilized. Within this analysis, the nodal degrees of freedom include both the nodal
velocities and nodal temperatures. Furthermore, solid-mechanics and heat-transfer aspects of the
analysis are two-way/fully-coupled. That is, the work of plastic deformation and that associated
with frictional sliding are considered as heat sources within the thermal analysis, while the effect
of local temperature on the mechanical aspect of the analysis is accounted for through the use of
temperature-dependant work-piece material properties. At the beginning of the computational
analysis, the following (initial) conditions are employed: the tool is assigned a fixed rotational
speed and a zero translational velocity, while the work-piece is assumed to be stationary. Both
the tool and the work-piece are initially set to be at room temperature. During the analysis, the
following boundary conditions are employed: (a) the bottom of the work-piece is constrained in
the through-the-thickness direction; (b) the tool rotation is maintained at the same initial angular
velocity; (c) a fixed contact pressure is applied over the tool-shoulder/work-piece contact
interface; and (d) the work-piece is not translated along the weld-line during the first few seconds.
Thereafter, tool translation along the weld-line is accomplished by applying a constant materialflow velocity in the weld-line direction over the (in-flow) and (out-flow) rim surfaces of the
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work-piece. Heat-convection thermal boundary conditions are applied over the portions of the
work-piece surfaces which are not in contact with the tool. Typical value for the heat transfer
coefficient are assigned to the work-piece/air and to the work-piece/backing-plate interfaces. The
tool and the work-piece are allowed to interact over their contact surfaces. Specifically, contacts
between the bottom surface of the tool-shoulder and the top surface of the work-piece as well as
those between the outer surface of the pin and the work-piece hole were considered.
In order to model the microstructure evolution during the FSW process in the case of
AA5083, the original Johnson-Cook strain- and strain-rate hardening and temperature-softening
material strength model is modified in order to account for the effects of dynamic
recrystallization and the associated material softening taking place in the stir zone of the welded
joint. Limited quantitative experimental results pertaining to the variations of the longitudinal and
transverse residual stresses with distance from the weld line and the associated variations in
material strength are used to validate the modified Johnson-Cook finite-element procedure
employed. A reasonably good agreement is obtained between the computed and experimental
results suggesting that the modeling and simulation procedure used are adequate in the case of
solid-solution strengthened aluminum alloys.
In the case of the age-hardened AA2139, in addition to plastic deformation and
dynamic recrystallization, micro-structure evolution included also precipitates coarsening, overaging, dissolution and re-precipitation. Integration of the hardness and grain-size evolution
equations over the thermo-mechanical history of various material points within the weld yielded a
hardness/grain-size profile (one for each alloy) in a direction transverse to the weld line. The
thermo-mechanical history information was obtained by carrying out a fully-coupled thermomechanical finite-element analysis of the Friction Stir Welding (FSW) process. A comparison of
the computed hardness and grain-size profiles with their experimental counterparts showed that
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the proposed approach can account qualitatively quite well for the measured behavior while
quantitative agreement between the computed and experimental results is only fair.

.
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CHAPTER 6
RECOMMENDATIONS FOR FUTURE WORK
6.1. Suggestion for Future Work
The work carried out in the present study was purely computational in its character.
However, parameterization of the models developed and their validation was carried out using
available (fairly limited) open-literature experimental results. Based on the results obtained and
the experience gained in the present work the following recommendations can be made regarding
additional work to be carried out in the follow-up studies:
(a) Simple quantitative models for various microstructure evolution processes in
age-hardened alloys are needed and should be developed. These processes include precipitates
coarsening, over-ageing, dissolution and reprecipitation;
(b) Simple mathematical models should be developed regarding the effect of the
aforementioned microstructure evolution processes on material strength and ductility/toughness;
(c) To fully parameterize the FSW model developed in the present work, a
comprehensive microstructure characterization study should be carried out for age-hardened (e.g.
AA2139) alloys; and
(d) A comparison of the computational and experimental investigation should be
carried out in-order to establish strength vs. microstructure relations in these alloys.
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